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SUMMARY 
Results of zero-tension fatigue tests are presented for flat sheet 
unidirectional 0° and angle-plied ±45° carbon fibre reinforced plastics. 
Torsional-shear and transverse fatigue tests were made on hoop-wound 
tubes. These have shown that surface finish has a significant role in 
determining the fatigue performance of CFRP. 
A method is presented for assessing the fatigue stress bandwidth 
in zero-tension fatigue at 0° CFRP. A mechanism of fatigue failure in 
0° CFRP is also postulated. 
Fatigue induced creep effects were observed during shear loadings 
and these are shown to relate to cracking and crack growth in ±45° 
material. 
A shell theory analysis of tubular CFRP test-pieces was made which 
demonstrates the suitability of this specimen for 0° longitudinal and 
90° hoop-windings. Hoop-wound tubes were used to show that the mutual 
interaction$between shear and transverse elastic properties are not 
significantly affected by transverse fatigue stresses. 
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CHAPTER 1 
INTRODUCTION 
In recent years the development of strong high modulus fibres of 
carbon has provided a range of new materials 1 To be useful as engineer-
ing materials these fibres must be incorporated into a matrix to form a 
composite. Synthetic plastic resins are particularly suitable as 
matrices giving composites of high strength and modulus 2 • 
The principal advantage of carbon fibres over other high 
performance fibrous reinforcements is the ease with which they can be 
made from polyacrylonitrile textile filament leading to a relatively 
inexpensive material with low density and excellent tensile strength and 
stiffness. The fibre itself is inert and presents few difficulties 
on being incorporated into plastic laminates 2 • 
Glass fibre reinforced plastics have been widely used, mainly in 
woven or random-mat forms. Whilst the reinforcement, the glass fibres, 
has high tensile strength its modulus is low. This has hindered its 
use in highly stressed components where large strains are undesirable. 
The higher modulus carbon fibre reinforced plastics (CFRP) are 
currently being considered for high stressed uses, such as aircraft 
primary structures. These applications require carefully aligned 
laminates of unidirectional material which make maximum use of the 
highly anisotropic properties of CFRP. Conventional woven and random 
forms are not of immediate interest though the situation may change 
in the next decade. 
Only when accurate and reproducible property data are available 
can materials be used reliably and efficiently. This is particularly 
true for carbon fibre composites which, compared with many common 
engineering materials, are relatively expensive. Often though, when the 
total manufacturing and operating cost is assessed, composites prove 
cheaper than metals. Amongst high performance composites CFRP is 
relatively cheap particularly in view of the weight savings it can 
bring. 
9 
A prominent feature of CFRP is its anisotropy. The ratio of 
longitudinal to transverse shear strength can be as high as 40:1 and the 
corresponding modulus ratio may be 25:1. Efficient use of this material 
requires not only knowledge of the monotonic properties but of any 
changes and degradation which may occur under fatigue, creep and 
environmental conditions. In particular damage produced by one mode of 
loading may influence the response to another mode. 
In the following chapters some aspects of fatigue behaviour in 
CFRP are examined. 
First a review of composite model systems has been made to high-
light which component has most influence on composite strength and 
modulus under particular loading modes. This is followed by an appraisal 
of the zero-tension fatigue behaviour of unidirectional CFRP including 
many experiments performed to determine the nature of the failure. 
The response of CFRP to shear loadings is of paramount importance 
in practical structures. Experiments are presented on fatigue and static 
loading of ±45° material which is a simple and convenient method of 
assessing shear behaviour. A relation between cracking and strain during 
fatigue tests has been established. 
Hoop-wound tubes have been used for combined shear a.nd transverse 
loading experiments. The tubes were also used to assess the effect of 
cyclic stresses on these modes. A shell theory analysis of tubes of 
finite length is also presented. 
For data to have practical use care must be taken to ensure that 
experiments can be simply and unambiguously analysed. Consequently, 
throughout the following chapters testing methods feature prominently 
and their limitations are considered. 
CHAPTER 2 
THE INFLUENCE OF THE CONSTITUENT MATERIALS IN CARBON FIBRE 
REINFORCED PLASTICS 
2.1 Introduction 
CFRP is highly anisotropicp for instance typical values of the 
1 . 3 e ast1c constants are : 
E 11 ;::: 207GPa 
E22 ;::: 7.6GPa 
\)12 = 0.33 
\)21 ;::: 0.012 
G12 4.8GPa 
10 
, (the axis notation is shown in Fig.2.1). Like all composite materials 
these values are determined by the individual components acting in 
concert. Before continuing to examine the fatigue properties of the 
material in detail some indication of the influence of each constituent 
will be useful. 
Simple quantitative estimates of the contributions of each compo-
nent can be made using model systems which simulate the composite. 
Whilst the numerical accuracy of these methods may not be high, they do 
at least highlight which component has most influence in particular 
loading situations. 
There are three basic methods of using models, (I) the mechanics 
of materials approach, (2) elasticity solutions, (3) finite element 
analyses. The first two have the merit that simple algebraic equations 
are derived which give a clear feel for the influence of the fibre and 
matrix. Whereas the finite element analysis gives improved numerical 
accuracy4 it is a wholly numerical approach requiring considerable 
computer facilities. It will be considered no further. 
In the following sections the influence of constituent properties 
on both the elastic constants and the failure of composites will be 
considered. This will indicate areas which may be of concern in the 
subsequent e:lt.perimental work. 
2.2 Estimation of elastic constants using model systems 
2.2.1 Mechanics of materials models 
I 1 
The mechanics of materials models consist of two kinds. One ignores 
the matrix entirely, this is 'netting analysis', the other includes both 
fibres and matrix. 
Since 'netting analysis' only considers the effect of fibres5 ' 6 it 
can be used for calculations of tensile and compressive stresses but 
must ignore shear loadings. It has been widely used in analyses for fila-
ment winding usually where internal pressures .are the main form of loading. 
However, serious errors occur when using this method with practical 
laminates unless the matrix fails first leaving the fibres to carry all 
the loads7 • 
Simple models which include the matrix have been proposed by 
ShafferS-IO and Ekvall 11 • 12 • Their models are given in Figs.2.2 and 2.3. 
They both derive an expression for longitudinal modulus E1 1 of compo-
site containing an even distribution of continuous fibres. The expression 
is the same for both: 
where Ef is the fibre modulus 
E is the matrix modulus 
m 
Af and A are the fibre and matrix area fractions respectively. m 
This is the simple mixtures rule. Again, after some simplification 
both models give the same expression for transverse modulus E22 when 
the fibres are rectangular: 
= 
Ekvall also gives a mixtures rule expression for Poisson's ratio 
namely 
= 
and an equation for shear modulus in a similar form to the transverse. 
modulus 
Ekvall also has a model for circular fibres, Fig.2.4 which gives 
the same equations for E 11 and v 12 as given above but yields 
modified expressions for E22 and G12 • The actual model is the top 
right-hand quartile of Fig.2.4 and gives the equations 
1f/2 
EfEm sin 8 d8 J E22 = + R sin 8(Em- Ef) Ef 
0 
and 
G12 
GmGf 
= (1 - R)Gf ｒｾｇ＠ + 
m 
1f/ 2 
where J sin a d8 = 
0 
12 
R is the ratio of the fibre radius to the element length ｾ＠ in the load-
ing direction. 
2.2.2 Composite models based on elasticity theory 
Elasticity theory models require a regular repeating unit, as for 
example Figo2.4, and overall material homogeneity. Like the mechanics of 
materials approach a perfect ｦｩ｢ｲ･ｾ｡ｴｲｩｸ＠ bond must be assumed. Once an 
element is chosen a stress or a strain field is imposed and an elasticity 
solution to the imposed field is found. Laplace'sequation 13 and Airy 
. 14-16 ｾ＠
stress ｦｵｮ｣ｴｾｯｮｳ＠ have both been used to solve the problem. 
For practical composites of boron and carbon fibre reinforced 
epoxies solutions lead to the mixtures rule for E11 and v 12 • Cumber-
some equations are derived for E22 and the bulk modulus K23 which are 
not suitable for simple estimation purposes. Fair agreement has been 
13 
found between predicted and experimental results for E11 and E22 with 
I . 17 boron epoxy compos1te 
The usual elasticity solution for shear modulus G12 is due to 
Hashin and Rosen18 who used a variational approach to derive 
= G 
m 
These authors also derived other elastic constants which showed poor 
agreement with experimentally determined values. Dootson 19 modified 
their work to take account of fibre diameter variations and random fibre 
distribution which occur in practice. He sectioned samples of glass fibre 
reinforced epoxy to determine the local fibre distributions and took 
account of the differing size of fibre diameter to substitute into his 
model. Good agreement was found between experiment and theory for 
longitudinal, transverse and shear properties. He further extended the 
analysis to creep behaviour for composites in which the constituent fibre 
and resin are isotropic and obey linear viscoelasticity theory. 
Thus elasticity solution models will yield accurate elastic constants 
but only when the inhomogeneity of the composite is explicitly included. 
2.2.3 The effect of fibre anisotropy and surface treatment 
Carbon fibres themselves are anisotropic so, for high precision, 
composite models should take this into account. Unfortunately the fibre 
shear and transverse properties cannot be determined directly. Instead 
they must be estimated from experimentally derived properties. 
Whitney20 has performed this analysis for Thornel 25 (a low modulus 
carbon fibre) and assuming transverse isotropy in these fibres he derived 
the following properties: 
E = 165GPa 
f 11 
E = 13.8GPa 
f22 
\} = 0.3 
f12 
\} = 0.15 
f 21 
G = 27.6GPa 
fl2 
- · . . ·- . ·- ··· ------ ----------. 
14 
16 Chen and Cheng used an elasticity solution which contained two 
stress functions, one for the fibres and one for the matrix. Extending 
this method to take account of fibre anisotropy21 they found good agree-
ment between experimentally measured and theoretically derived values of 
the composite shear modulus G12 • 
A further complication has been brought to light by the recent 
comparison22 of the theories of Refs.4, 13, 23, 24 and 25 for shear 
modulus. It has been found that surface treatment of carbon fibres 
alters the value of the shear modulus as well as the strength. 
Good agreement was found between all the theories and experimental 
values for glass fibre composites and CFRP containing low modulus type 3 
fibre. Surface treated type 1 and type 2 fibres gave values higher than 
predicted whilst untreated type 1 fibres gave values which were lower. 
Clearly not only the fibre anisotropy but the interfacial strength 
also plays a role in determining the elastic constants. 
From this review it is clear that model systems are unlikely to give 
accurate estimates of composite behaviour if they omit the interfacial 
bond strength, the fibre anisotropy, the fibre diameter variations and 
their random distribution. For many practical applications and for the 
purposes of this thesis all that is required is an indication of the 
relative importance of each constituent. A simple model is quite adequate 
for this and the effort required in obtaining an accurate model would be 
quite unjustifiable. 
The properties of DX210/BF 3400, a typical epoxy resin, are given 
below. These data come from Ref.26 and were measured at 20°C. 
Young's modulus: E = 3.37GPa 
Poisson's ratio: v 0.38 
Shear modulus: G = 1.22GPa 
These values together with the fibre elastic constants given by 
Whitney can be utilized to show that all the elastic constants E11 , E22 , 
v12 and G12 are significantly affected by changes in the fibre 
properties whilst only E11 is largely unaffected by resin changes. 
Hence, under conditions where the resin itself is noticeably affected, the 
properties E22 , v 12 and G12 are likely to be more sensitive indicators 
of effects on the composite than the longitudinal modulus E11 • This 
is likely to be relevant under conditions of creep, fatigue, and 
environmental ageing. 
2.3 Laminate theory 
15 
Once the elastic constants of unidirectional composite have been 
determined, either by direct measurement or by estimation from a model, 
laminate theory can be used to predict the behaviour of multi-angled 
• 27 
construct1ons . 
The number of elastic constants required to characterize any compo-
site depends on the number of symmetry axes it possesses. Two types of 
symmetry are usually used for composites. They are transverse isotropy, 
which has one axis of symmetry, the fibre axis, with any two complementary 
planes being equivalent to one another, and orthotropy, which has three 
mutually perpendicular planes of symmetry. Filament wound materials are 
usually regarded as being transverse isotropic particularly when a single 
filament is used for winding. However materials which are wound with a tow 
may not be homogeneous, as Fig.2.5 shows, and the assumption of transverse 
isotropy may not always be valid. Composite made from aligned prepreg 
material is usually assumed to be orthotropic as the method of manufactur-
ing prepregs tends to create discrete layers within the finished laminate. 
Transverse isotropic material is characterized by five elastic con-
d h .ff . . b 28 stants an as a st1 ness matr1x g1ven y 
c 11 c12 c12 0 0 0 
c12 c22 c23 0 0 0 
c12 c23 c22 0 0 0 c .. 
l.J 0 0 0 2 (c22 - c23) 0 0 
0 0 0 0 c55 0 
0 0 0 0 0 c55 
orthotropic materials require nine elastic constants giving a stiffness 
matrix of the form 
c 11 c12 cl3 0 0 0 
c12 c22 c23 0 0 0 
cl3 c23 c33 0 0 0 c .. = 
1J 0 0 0 c44 0 0 
0 0 0 0 css 0 
0 0 0 0 0 c6 
These can be simplified for thin plates and shells where out of 
plane stresses are usually neglected and set to zero. For a state of 
plane stress the two matrices above reduce to 
Q •• 1J = 
16 
where each term is the same for both types of material. In conventional 
engineering constants these are: 
= 
\)12\)21 
= 
= 
These equations will be used later in the analysis of chapter 5. 
2.4 Failure modes in composites 
2.4.1 Introduction 
Like other materials composites fail at stress concentrations. 
These produce local failures which lead to progressive failure of ｴｾ･＠
whole composite. Unlike metals CFRP does not eXhibit plastic flow so 
brittle fractures can be expected and do occur, often without visible 
warning. 
17 
The nature of the failure is different under different loading 
modes. Under longitudinal tension the fibre strength, fibre/matrix 
interface and fibre length can all influence the overall composite 
strength. For transverse loadings the fibre transverse properties, the 
interface strength, the matrix strength and the composite intralaminar 
shear strength are all important. The shear strength too is determined 
partly by the fibre, partly by the resin and also by the interface shear 
strength. 
2.4.2 Longitudinal tensile failure 
There are at present two principal forms of carbon fibre for use 
in composites. The first, and currently more important, is continuous 
fibre tow in which the filaments are generally unbroken throughout the 
length of the composite except at joints. The second is short aligned 
fibre made by the ERDE process29 which will probably be used where light, 
complex-shaped, stiff composites are required rather than extremely 
strong materials. Continuous fibre composites are the material of 
interest in this thesis. One further important introductory remark is 
that all the practical resin systems in use with carbon fibres have strains 
to failure which exceed the fibre breaking strain except at the lowest 
temperature (-40°C) likely to be experienced in the aircraft operating 
26 temperature range 
During the early development of CFRP two kinds of fibre were on the 
market, these were batch fibres, usually made in lengths of 1 metre or 
4 feet, and continuously made fibres of almost any length up to about 
1000 metres. In general continuous fibre is less variable than batch 
produced material. This is reflected in the composite behaviour where 
the lower the fibre variability the higher the laminate tensile strength. 
Currently for reasons of both quality and economics continuous fibres are 
the only available commercial materials. 
Within any group of fibres there is a distribution of strength30 • 
Coleman31 has shown that the strength of a bundle of fibres is always less 
than the average value taken from single filament testing. Zweben and 
. .. . . . . . . - ·- --------
Rosen32 have shown theoretically that single filament breaks can occur 
at quite low stresses in a composite but multiple failure of several 
neighbouring fibres together require much higher stresses. 
18 
Moreton30 has shown that short fibres are stronger than long ones 
due to the statistical distribution of flaws. The composite strength 
might therefore be increased if single filament breakage occurred without 
a 'Domino Effect' spreading the failure to other fibres and causing 
immediate fracture. Any increase in strength would only occur if the 
broken filament remnants were still very long compared with the fibre 
critical length*. The increase in strength could only continue until 
either a multiple fibre break occurred fracturing the specimen or the 
remnants became too small and the resin damage too extensive to resist the 
applied loading. The exact point at which the composite would fail is 
difficult to determine with precision. 
Acoustic emission data show that fibre breaks do occur during 
loading at CFRP34 , 35 so the mechanism of Zweben and Rosen is entirely 
plausible. However, it will be seen later that the increase in strength 
predicted above does not occur under monotonic loading conditions but can 
occur in fatigue. 
Once a single fibre has broken the progress of further damage to the 
composite depends on the fibre/matrix interface strength. If the inter-
face is strong preventing delamination the breaking of one fibre could lead 
to the breaking of another weak neighbour. On the other hand the stresses 
ahead of a transverse crack can lead to delamination of the surface of 
other fibres, blunting the crack and diverting its path. This mechanism 
is more likely when the interface bonding is weak36 and prevents extensive 
fibre breakage. 
Controlling the interface strength is important for fracture tough-
ness. Overtreatment of the fibres to improve the bond leads to brittle 
composites having poor toughness, whilst undertreatment gives poor adhesion 
and an easy path for longitudinal cracking along the fibre axis and hence 
lower notch sensitivity. 
* Critical length is defined as the m1n1mum length of fibre in a compo-
site which can be loaded to failure in tension by shear stresses acting 
on its surface33. 
Goan et az. 37 have shown how low surface treatment times will 
increase the interlaminar shear strength without degrading the fibre 
strength but will prevent attainment of high flexural strengths. The 
impact strength of their composite also decreased enormously when the 
fibre surface treatment was optimized for maximum shear strength. 
19 
In the context of longitudinal tensile failure the question of 
translation of fibre strength into the composite is important. Originally, 
h . b h f . b . 1 f . 1 d 38 . wen ｵｳｾｮｧ＠ ate ｾｲ･ｳＬ＠ ｳｾｮｧ＠ e ｾ＠ ament tests were use to ､･ｴ･ｲｭｾｮ･＠
fibre tensile strength and whilst careful wet lay-up methods would allow 
the full fibre strength to be realized in CFRP39 , laminates made from 
prepreg often failed to achieve these same high fibre efficiencies. 
Recently with the improvements of continuous fibre production, better 
handling techniques and the use of composite tests to determine the fibre 
strength40 laminates made from prepreg generally do exhibit high fibre 
efficiencies. 
2.4.3 Shear and transverse failures 
Shear and transverse loadings of continuous fibre composites are 
generally similar. In both cases three modes of failure can be proposed 
(1) fibre failure, (2) matrix failure, (3) fibre/matrix interface failure. 
To date no case of failure due to fibre splitting has been reported. It 
is reasonable, therefore, to assume that contemporary resins are weaker 
than the fibre shear and transverse strengths so only the latter two 
modes need to be considered. 
Fibre surface treatment improves both shear and transverse tensile 
37 
strength but whereas the shear strength reaches a maximum after a short 
treatment time on these American fibres transverse strength seems to 
progressively increase with increasing treatment. Clearly improvements in 
shear strength can only be made by the use of stronger resins. 
Similar comparative data for commercial British fibres are not 
available but it is usually assumed that the treatment is sufficient to 
cause resin failure in shear not to produce an interface problem. 
(Evidence will be presented later to refute this.) Transverse tensile 
failures are either resin or interface failures depending on the resin 
and treatment level but in compressive loadings shear failure by 
20 
intralaminar stresses at 45° to the loading axis are also likely. Where 
direct comparisons are to be made between different materials on 
different tests a single source of supply of fibre which has undergone a 
uniform standardized surface treatment is essential to avert unnecessary 
sources of variability and uncertainty in test results. 
2.5 Summary 
(1) The longitudinal elastic properties of fibrous composites are 
dominated by the fibre properties. 
(2) The transverse and shear elastic properties are influenced by both 
the fibres and the resin matrix. 
(3) Fibre breaks can occur without complete failure of the composite 
and may lead to increased laminate strength. 
(4) Tensile fibre breaks may cause sufficient damage to the composite 
to influence its shear properties even though the tensile strength is 
not reduced. 
(5) Shear and transverse failures are both influenced by the fibre, the 
fibre-resin interface and the matrix. Any damage caused in one mode of 
loading may affect the strength of the other. 
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Fig.2.2 
Loading 
axis 
Model of composite with fibres aligned 
with the direction of loading 
Loa ding 
-axis 
Model of composite with the fibre axis 
aligned perpendicular to the direction 
of loading 
Shaffer's models of fibre composite 
materials 
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Fig.2.3 
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! Loading axis 
Ekvall's model for the transverse 
properties of a fibre composite 
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Fig.2.4 
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Fibre 
l Loading axis 
Ekvall's model for a circular fibre 
in a composite material used to 
determine transverse properties 
---------------------------------- --
Fig.2.5 Cross-section of a hoop-wound tube 
showing inhomogeneity 
Fig.2.5 
.... ·-- ··----------------------t 
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CHAPTER 3 
TENSILE TESTS ON UNIDIRECTIONAL 0° CFRP 
3.1 Introduction 
The excellent longitudinal properties of simple unidirectional 
CFRP make the material attractive for structural use. So, it is impor-
tant to establish that these are acceptable under fatigue and creep 
loadings before examining any other property. Also, it is desirable 
that any secondary damage* caused by loadings in the longitudinal direc-
tion is not serious. In particular, the shear strength should not be 
degraded otherwise the usefulness of the composite will be limited. 
The following sections examine the zero-tension fatigue properties 
of unidirectional CFRP beginning with the difficulties of performing 
meaningful experiments on this material and an investigation into 
different specimen shapes. 
The results of a number of fatigue experiments are reported for 
three fibre types, high modulus (type 1), high strength (type 2) and 
high strength low modulus (type 3). Their resistance to zero-tension 
fatigue loads is compared. In particular tests have been performed to 
determine the effect of axial fatigue stresses on the interlaminar shear 
strength. 
Finally some tensile creep data for unidirectional CFRP are also 
reported. 
Throughout the work of this chapter flat laminated materials have 
been used. In this way the composites closely represent the materials 
commonly used in practical applications. Details are given in 
Appendices I and 2. 
The testing machines and the test methods are described in 
Appendix 4. 
* Throughout this thesis secondary damage is defined as damage caused by 
a particular mode of loading which has no effect on the properties 
measured under · this mode. It is assumed, at this stage, that second-
ary damage may nevertheless affect other properties of the material. 
3.2 The effect of anisotropy on the shape of longitudinal tensile 
specimens 
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Limited anisotropy is common in many materials but it usually 
presents no difficulty in design, fabrication or testing of components. 
Unfortunately it can, and does, present some difficulty when testing 
unidirectional CFRP in the f .ibre axis direction (the 0° direction). 
In the first place the high longitudinal tensile modulus E11 
necessitates accurate alignment of test-pieces to reduce bending stresses 
and premature failure. Good alignment is also necessary to prevent loss 
of strength due to off-axis effects even at low angles to the fibre 
. 41 '42 ｡ｸｾｳ＠ • 
Secondly the relatively low shear strength and modulus limit the 
rate of load diffusion into unidirectional material. 
Finally the modest transverse strength limits the gripping 
pressure that can be used at a joint or the jaws of a test machine. It 
is, however, interesting to note that modest transverse compressive load-
43 ings increase the apparent shear strength so wedge-grip jaws may help 
in axial loading tests. 
A successful longitudinal tensile test-piece must ensure that 
fracture is caused by tensile failure, not by some other mode. Thus 
any shear stresses have to remain below their failure level and the 
testing machine jaws must not initiate transverse cracking. Ewins 39 
has shown that shear failure is prevented when the specimen waisting 
profile takes the form 
z z exp(!. ｾＩ＠0 a z0 (3-1) 
where T = the shear strength 
a = the tensile strength 
and z 1, z0 and x are shown in Fig.3.1. The origin of coordinates 
is the end of one shoulder. 
A circular waisting profile is more convenient to machine than an 
exponential and the recommended shape, in use at the time of testing the 
unidirectional material described in this chapter, is shown in Fig.3.2. 
Ｍ ＭＭ Ｍ ｾ＠
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Recently the overall length of the specimen has increased to 200mm with 
a 1000mm radius of waisting44 Aluminium alloy plates bonded to the ends 
prevent damage by wedge grips. Waisting of the thickness, rather than 
the width, produces a short specimen. 
Under monotonic loadings the test-piece is well behaved with most 
specimens fracturing at the smallest cross-section, Fig.3.3o Short 
specimens waisted in the width are often used with glass fabric reinforced 
plastics but are unsatisfactory for CFRP. They do not permit adequate 
shear diffusion and often fail prematurely in a combined shear and tensile 
mode similar to the failures in Fig.3.4. Throughout this chapter the 
specimen of Fig.3.2 will be called the 'standard tensile specimen'. 
3.3 Fatigue testing of unidirectional 0° CFRP 
3.3.1 Specimen shapes 
The comments made above regarding anisotropy and monotonic testing 
of CFRP apply equally forcefully to fatigue testing. To this end the 
standard tensile specimen has been used successfully to determine fatigue 
limits in epoxy composites containing both type 1 and type 2 surface 
treated carbon fibres 45 , 46 . Width waisted specimens have also been used 
47 giving similar results • However, these test-pieces were very thin and 
not very wide so they almost conformed to the requirements of equation 3-1 
above and apparently performed satisfactorily. 
At high stress levels waisted specimens exhibit multiple shear 
cracking, Fig.3.5. Surprisingly this does not lead to immediate failure 
but it does cast doubt on the relevance of the results obtained. 
Consequently in the course of reporting zero-tension tests on the three 
different types of carbon fibre a number of specimen shape investigations 
will be included. 
3.3.2 Fatigue behaviour of type 1 CFRP 
The characteristic fatigue behaviour of unidirectional 0° CFRP 
containing high modulus (type 1) fibre leads to an almost horizontal S-N 
47 48 
curve ' • The band of stresses which cause fatigue failure is narrow 
but within it lifetimes vary from 1 to 107 cycles. Also many failures 
. h' h f h . h d' 'b ' 47 I d d occur w1t 1n t e scatter o t e stat1c strengt 1str1 ut1on • n ee 
Beaumont and Harris48 found fatigue failures occurred only within the 
static scatter band. This lead them to suggest that perhaps a static 
ｾ｡ｴｨ･ｲ＠ than a dynamic failure criterion should be sought. 
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If a static failure criterion applied how are all the failures at 
lifetimes of about 106 cycles to be explained when no case has been 
reported of static fatigue or stress rupture in these materials? Is it 
not more probable that a fatigue mechanism operates to lower the compo-
site strength to the level of the imposed stresses, hence leading to 
failure? 
First of all some accurate insight into the width of the fatigue 
failure stress band is required. This may be obtained in the following 
way. 
The distribution of monotonic strength for high modulus continuous 
fibre composite (material A, Appendix 1) is almost normal. So a plot of 
probability of failure with strength is a straight line on probability 
paper, Fig.3.6. Detailed data are given in Ref.49. Though the distribu-
tion is slightly skewed at the lowest stresses it does not seriously 
affect the analysis. 
Zero-tension fatigue tests have been carried out on two groups of 
specimens taken from the same material. The first group were subjected to 
a stress range of 1112MPa. 14% failed on run-up to full load in the 
Schenck fatigue machine whilst a total of 57% failed in both run-up and 
fatigue. 
Fig.3.6 predicts that 14% of the test-pieces have strengths less 
than 1120MPa, which equates well with the run-up failures. 57% have 
strengths lower than 1235MPa. It appears then that specimens which have 
strengths within a band of about 120MPa above the maximum fatigue stress are 
susceptible to fatigue failure. 
This suggestion was verified using a second group of specimens which 
were tested over a stress range of 1074MPa. 
Applying the same reasoning as before 1194MPa (1074 + 120) is the 
.strength of the strongest specimen likely to fail under fatigue conditions. 
Fig.3.6 predicts that 37% of the group will fail, one quarter of these 
.. . . . -· . . .. - - ··--- --------------; 
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being run-up failures. In fact 33% failed in fatigue and there were no 
run-up failures. 
Thus, from a knowledge of the strength distribution of a sample of 
test-pieces the likelihood of a fatigue failure can be estimated once the 
fatigue failure stress bandwidth has been established. 
These two lamdnates contained fibres made by a continuous process. 
Their coefficients of variation were 6.1 and 7.1% and their standard 
deviations were of the same order as the fatigue failure stress bandwidth. 
This points to the difficulty, if not the impossibility, of obtaining a 
conventional S-N diagram for high modulus composites tested in 
zero-tension. 
The fatigue behaviour of two other laminates containing batch made 
fibres will be descriped now. These laminates used the same resin as 
the previous material (ERLA 4617/DDM) but their fibres had greater 
strength variability which was reflected in the composite. The coefficients 
of variation of the laminate tensile strengths were 11.6 and 17.5%. 
Monotonic and zero-tension fatigue test data are given in Tables 
3.1 and 3.2. The material is described in Appendix 1 under the heading 
Material B. 
Two interesting points emerge. (i) The average composite strength 
is much less than the value predicted from the mixtures rule. For 
instance, laminate Ll4 had a strength of 889MPa against a predicted 
value of 1458MPa. (ii) The residual strength of the fatigue specimens is 
higher than the original value. Again for laminate L14 it was 1117MPa. 
The increase in . strength during fatigue of composites is called 
coaxing. It has also been reported by Berg and Salama50 during notched 
. . d b f "1 51 compressLon testLng an y Bevan or tensL e tests • 
Further tests were performed to determine whether coaxing is caused 
by the Schenck being run-up to full load over several thousand cycles or 
whether it is caused by prolonged exposure to high stress levels. A test 
is also required to eliminate the possibility that monotonic loading 
itself produces some sort of coaxing. 
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The experimental investigation was as follows. Two batches of ten 
specimens made from material B were step-loaded in the fatigue machine. 
The first was statically loaded at stress levels equivalent to 50, 60, 
70, 80, 90, 95 and 100% of the mean UTS. Each level was held for 
10 minutes. The failure stress was recorded for specimens which failed 
to complete the loading programme. Those that survived were further 
loaded at constant rate to determine their strengths. 
The second batch of ten specimens was subjected to a zero-tension 
fatigue step-loading programme to observe the effect of dynamic loadings. 
Again the maximum loads were 50, 60, 70, 80, 90, 95 and 100% of the mean 
UTS and each level was held for 10 minutes. The frequency of cycling 
varied between 17 and 33Hz depending on the stress level. Once again 
specimens which survived were loaded at constant rate to failure and 
their strengths determined. Table 3.3 contains the averaged results in 
addition to monotonic control tests which were performed both in the 
Schenck fatigue machine and an Instron Universal testing machine. 
Applying the Rank test for significance52 shows that the results 
are not significantly different at the 1% level. Consequently whatever 
coaxing occurs takes place during prolonged fatigue cycling not during 
a single monotonic loadingp nor during run-up in the fatigue machine. 
Shear cracking has been observed during fatigue testing of waisted 
specimens. This behaviour is common to all three types of fibre. 
Acoustic emissions have been reported from similar shear cracking 
at exposed surfaces of notched specimens 34 It appears that the stress 
concentration at the exposed end of a fibre is sufficient to initiate 
cracks in waisted specimens. These then propagate under the action of 
cyclic fatigue stresses. 
The effect of axial fatigue loadings to cause secondary damage in 
shear is assessed later. Before that an empirical investigation was 
made to determine the stress levels that cause shear cracking and whether 
alternatives to the standard tensile specimen are acceptable. Commercial 
interest in type 1 fibre had waned by this time so type 2 fibre was used 
instead. Details are given below. 
3.3.3 Monotonic testing of alternative specimen shapes in 
type 2 fibre composite 
The effect of varying the shape of the standard tensile specimen 
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was investigated. Five different shapes were used and the strength of 
each was compared with standard specimens cut from the same laminates. 
Material C was used throughout and the original nominal laminate thick-
ness was 2mm throughout. First a specimen 20mm wide, 150mm long, 
waisted to lmm was examined. Then, to reduce bending stresses which are 
induced by misalignment of this wide specimen, test-pieces 200mm long 
with waists of lmm and O.Smm were tested. Finally two groups having the 
standard length of 150mm were tried. Both were waisted to O.Smm but in 
one group specimens were 20mm wide, in the other they were 10mm. In every 
case the waisting radius was 125mm. Detailed results are contained in 
Table 3.4. 
These test data show that each specimen shape gave similar 
strengths. None was clearly superior to any other but nevertheless it 
was hoped that thinner waists might show less fatigue cracking or, at 
least, delayed onset of visible damage. Their behaviour is now examined. 
3.3.4 The zero-tension fatigue behaviour of type 2 fibre composite 
A comparative fatigue programme has been performed using the same 
material as the work of section 3.3.3 above. The standard specimen, 
Fig.3.2, acted as a datum to assess the performance of two groups of 
specimens 150mm long but waisted to 0.5mm. One group had a width of 
20mm, the other lOmm. The fatigue results are given in Tables 3.5 and 
3.6, monotonic data has already been given in Table 3.4. 
During these fatigue tests an attempt was made to record the 
number of cycles at which cracks became visible to the naked eye. These 
occurred early in the specimen lifetime but were delayed a little for 
thinner specimens where the shear stresses are lower. 
It was clear that cracking was not easily avoided so waisted and 
plain rectangular specimens were compared to find the largest zero-
tension fatigue stress range that could·be sustained without obvious 
damage. 
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The mean tensile strengths of the two shapes were: 
(a) The standard tensile specimen (Fig.3.2), 1459MPa. 
(b) Plain rectangular specimens 150 x 10 x 2mm, 1174MPa. 
Cracking first occurred in waisted specimens at maximum fatigue 
stresses between 584 and 657MPa, Table 3'.7. In contrast the rectangular 
specimen sustained 822MPa with no obvious signs of damage, however it 
failed outright at 939MPa. 
Though the rectangular test-piece shows no sign of damage its 
overall performance is inferior to the waisted specimen which fails at 
about 1060MPa, Table 3.5. Its advantage is that modulus changes can be 
monitored without fear that cracking will affect the result. It can also 
be used in secondary damage investigations. 
3.3.5 The zero-tension fatigue behaviour of type 3 fibre 
composite 
To complete the examination of zero-tension fatigue in CFRP results 
are presented now from a limited programme performed on unidirectional 
material containing high strength, low modulus surface treated type 3 
fibres. DX210 resin, a Shell precondensate epoxy resin, was used as 
ERLA 4617 resin was no longer available. Full details are givenin 
Appendix I, material D. 
For comparison with multi-plied 0 ± 45° material a plain rectangular 
specimen 150 x 10 x 2mm has been used in addition to the standard 
specimen. As laminates 1mm thick were also available in this material, 
a second comparison was made between test-pieces ISO x 10 x 1mm of plain 
rectangular cross-section and similar sized specimens which were waisted 
to O.Smm in their centres. The mean tensile strengths obtained were: 
SEecimen ｴｸｾ＠ ａｶ･ｲ｡ｾ･＠ tensile strength 1 MPa 
150 X 10 x 2mm waisted 1644 
150 X 10 x 2mm plain rectangular 1251 
150 X }0 X lmm waisted 1819 
150 X JQ X 1mm plain rectangular 1441 
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Zero-tension fatigue tests were then made to determine the stress 
level at which approximately 50% of the specimen population failed, 
detailed individual results are given in Tables 3.8 and 3.9. 
With this failure ·criterion both sets of waisted specimens yielded 
stress levels of about llOOMPa. The plain rectangular test-pieces were 
also similar to one another giving values of about 870MPa. 
Once again shear cracking was observed in the waisted specimens 
but, because of the similarity between these specimens and type 2 fibre 
material, tests were not performed to ascertain the stress at which 
cracking was first visible. Instead a comparison was made between uni-
directional composite and a realistic structural orientation of 0 ± 45°. 
Multi-angle-plied materials must be balanced about their centre-
line to prevent warping. In the material used here the assembly order 
was 0, +45, -45, Ｐｾ＠ 0, -45, +45, 0. 
Zero-tension fatigue results of two groups of specimens have been 
presented on an S-N diagram, Fig.3.7. Each group is able to sustain a 
stress range of 0 to 570MPa with few failures at 106 cycles. Both 
contained specimens with plain rectangular cross-sections, the lOmm wide 
test-pieces were tested in the Schenck whilst the others, 20mm wide, 
were fatigued in a Mayes machine. 
The comparison of 0 ± 45° composite with unidirectional is interest-
ing. The load carrying capacity of the ±45° plies is about 1/30 of the 
0° plies so they can be ignored. Thus the 0° plies exhibit a composite 
monotonic strength of about 1520MPa, a little higher than the 1441MPa of 
the four-ply lmm rectangular specimens which contain .the same number of 
plies. 
Under fatigue conditions the stresses in the 0° plies of the 
0 ± 45° composite which give lifetimes of .106 cycles are about 1150MPa. 
This is much higher than the re.ctangular specimen but compares well with 
the waisted specimens which ran at around llOOMPa. 
The stress concentrating effect of the test machine jaws prevent 
rectangular specimens achieving high fatigue stresses. Thus, in spite 
of its cracking, the waisted unidirectional specimen provides data which 
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can be used to predict the life of type 3 fibre multi-angled laminates. 
In passing, it is interesting to note that no sign of shear cracking has 
been observed in the 0° plies of 0 ± 45° laminates as yet. 
3.3.6 A comparison of the fatigue behaviour of types 1, 2 and 3 
fibre composites 
A comparison of the zero-tension fatigue behaviour of the standard 
tensile specimen with the three fibre types can be made using the data of 
Ref.53 and section 3.3.4 and 3.3.5 above. 
Expressed as a percentage of ultimate strength, high modulus fibre 
composites can sustain a stress range from 0 to above 80% and sometimes 
up to 100%. For type 2 fibres the range is 0 to 80% and for type 3 fibre 
0 to 70% of the UTS. The lower the modulus 9 and hence the greater the 
strain imposed on the material, the lower the proportion of the tensile 
strength that can be realized in fatigue loadings. 
If the fatigue strengths are compared directly it seems that about 
50% of all fatigue failures occur in the range 0 to 1100MPa irrespective 
of the fibre type. That is, provided surface treated continuous fibre is 
used and any effects caused by the different resins are neglected. 
3.3.7 The failure surface appearance in type 1 fibre composite 
The fracture surfaces of monotonic and zero-tension fatigue failed 
specimens are very similar. This is true for all the fibre types. 
Type 1 fibre composite has a particularly clean break which is easily 
photographed and it is used to illustrate the failure behaviour. 
Fig.3.1 shows a typical monotonic failure surface. The major 
characteristic is a fan-like fracture spreading from the point of initia-
tion of failure. Often the origin of the radiating lines is actually at, 
or very close to the outer surface of the test-piece. 
ｾ＠ 10 
Figs.3.1 and 3.1 show typical fatigue failures. Fatigue fractures 
have exactly the same type of break as monotonic specimens but the 
failure surface is usually more uneven. Indeed they have a similar 
appearance to specimens with slightly lower interlaminar shear strength 
than their monotonic equivalentso 
.... . . - - . - - -- ----- ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ ＭＭ ＭＭＭＭＭＭ ｾ＠
3.3.8 The effect of axial fatigue loadings on the interlaminar 
shear strength of CFRP 
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Fibre breakage under fatigue loading was discussed in section 
3.3.2 and some of the consequences that this can have on material inte-
grity were covered in chapter 2. Briefly this suggests that where 
fibres break matrix and interface damage can occur. This may lead to a 
reduction in shear strength. 
The appearance of tensile fatigue failure surfaces suggest that 
some reduction in shear strength may occur. Further investigation of 
this point has been made by measuring the interlaminar shear strength 
on material which had been subjected to axial fatigue stresses. 
The waisted specimen was rejected to avoid the complication of 
shear cracks which are caused not by a reduction in material strength but 
by crack propagation. A plain rectangular specimen was used instead. 
Inevitably this reduces the stresses which can be applied so, to ｲ･ｴｾｩｮ＠
large strains in the matrix, type 2 fibre was used. The resin was 
shell DX210, an epoxy precondensate. Full details are given in 
Appendix lp material E. 
Axial fatigue loads were applied in zero-tension, zero-compression 
and reversed-axial mode using the Schenck fatigue machine. The stress 
ranges were chosen from preliminary experiments which determined the 
maximum stresses that could be sustained. 
Each specimen cross-section was JOmm x 2mm. · The tensile specimens 
had a free length of IOOmm yielding six or seven shear specimens whereas 
the compressive and reversed axial specimens had 33mm free length and 
gave two shear test-pieces. With these specimens the tensile strength 
was 1417MPa and the compressive strength ＭＸＰｾｐ｡Ｎ＠ For the reversed 
axial tests the mean load was determined from the relation 
__ (uTs +2 ucs) mean stress 307.5 MPa 
After completing a predetermined number of cycles each specimen 
was removed from the machine and short-beam interlaminar shear specimens 
cut to the dimensions of Fig.3.11. Details of this shear test are given 
..... . .... --------------------- --------; 
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54 in the next chapter, Appendix 4 and elsewhere • The test programme is 
outlined in Tables 3.10, 3.11 and 3.12. 
The shear strengths of both control and fatigued samples are given 
diagrammatically in Figs.3.12, 3.13 and 3.14. 
The mean value has been plotted and a line of total length two 
standard deviations. The data show that strain imposed during axial 
fatigue loadings have little or no effect on shear strength of type 2 
fibre composite up to the stress levels employed here. 
3.3.9 The effect of zero-tension loadings on the modulus of 
unidirectional type 2 composite 
No evidence came to light during fatigue experiments to suggest 
that modulus increases take place in unidirectional CFRP as suggested 
34 0 
elsewhere . To verify this, specimens made from unidirectional 0 
type 2 fibre in DX210 resin (material E, Appendix 1) were subjected to 
zero-tension fatigue loadings. After completing 106 cycles the residual 
modulus was determined. 
Type 2 fibre was chosen so that a rectangular specimen could be 
used,yet at the same ｴｩｭｾ＠ the strains would be similar to the type 1 
fibre composite in which the increase had been noted. The plain rectan-
gular cross-section allows the SOmm gauge length Mayes extensometer to 
be used. 
Specimens tested over the range 0 to lOOOMPa suffered failures in 
the grip region or pull-out from the end plates. However, over a range 
of 0 to 800MPa specimens were well behaved and their results are given 
below. 
Laminate Specimen Initial Residual 
modulus modulus 
number number GPa GPa 
SA35 6 152.6 146.5 
8 148.4 149.7 
15 149.3 148.4 
38 
These results clearly show that no significant change in tensile 
modulus occurred. In addition, the movement of the fatigue machine ram 
was monitored during the cyclic loadings. No evidence of fatigue 
induced creep effects was found. 
3.4 Tensile creep of unidirectional tlPe 2 fibre CFRP 
In applications where continuous loadings are likely it is essen-
tial to know whether creep effects will cause large unacceptable strains 
over and above any fatigue damage. 
55 Some creep data have already been reported by Dobson who used 
specially preformed specimens. These may not be representative of 
commercial materials and further tests are reported here for material 
made by commercial techniques. Full details of this work have already 
. 53 56 been g1ven elsewhere ' so a brief outline only will be reported. 
Unidirectional 0° CFRP containing type 2 treated fibres in ERLA 
4617 epoxy resin matrix (material F, Appendix I) were subjected to creep 
loadings for 1000 hours at room temperature and 80°C at stresses 
equivalent to 40 and 80% of the tensile strength. The specimen used was 
derived from the standard tensile specimen of Fig.3.2 and is shown in 
Fig.3.15. Fig.3.16 shows a complete assembled test-piece with bonded 
end-plates to attach to the Dennison creep machine. Pressure plates 
were bolted over the adhesive joint to prevent premature failure, 
particularly at the higher temperature. Metal tabs were bonded to the 
specimens to prevent damage by the extensometer point attachments. 
The initial monotonic test d·ata is given below and a summary of 
the creep data is given in Table 3.13. Complete creep curves are given 
Room temperature short term tensile test results 
of creep specimens 
Short term Elastic 
Specimen No. tensile strength modulus Strain at failure 
at room temperature 
MPa GPa % 
1 1340 157.9 0.818 
2 1287 164.1 0.785 
3 1340 147.6 0.858 
in Figs.3.17 to 3.20 .• Fig.3.18 also contains recovery data showing 
that some of the creep strain is recoverable. The creep strains 
were very small so a stability check was made . to verify that 
temperature and humidity fluctuations are not significant. Fig.3.21 
confirms this. 
The conclusion drawn from this programme is that creep effects 
are very small in unidirectional CFRP and may be neglected. 
It was also noticeable that no evidence of fatigue induced creep 
has been observed in any test on unidirectional 0° CFRP. 
3.5 Summary 
The work on unidirectional CFRP has established the following 
points: 
(1) Under constant loading very little creep strain is observed. 
(2) Creep strains under cyclic loading conditions have not been 
detected during tensile fatigue tests. 
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(3) Specimen design markedly influences the measured fatigue life. 
(4) Surface grinding to form tensile specimens leads to shear cracking 
under fatigue conditions, even at quite modest stresses, but not under 
monotonic or constant loadings. 
(5) The stress bandwidth in which zero-tension fatigue failures take 
place can be determined and the probability of fatigue failure can be 
assessed. 
(6) Fatigue failures occur over a wide band of lifetimes. 
(7) The zero-tension fatigue stress range to give a SO% probability 
of failure is similar for all three main fibre types, being about llOOMPa. 
(8) Composite made from highly variable fibre can increase in strength 
by 'coaxing' under fatigue loadings. The increase is not caused by 
short-term loading but by long cycling times at high fatigue stress 
levels. 
(9) Axial fatigue loadings do not affect the shear strength. 
Specimen ILSS UTS 
MPa MPa 
I 40.7 767 
2 63.8 
3 58.2 842 
4 61.5 
5 58.4 829 
6 56.1 
7 58.7 813 
8 67.6 
9 58.2 1009 
10 74.5 
I I 52.8 863 
12 57.9 
13 59.6 896 
14 60.1 
15 60.7 845 
16 76.5 
17 62.2 1118 
18 63.2 
19 60.8 904 
20 67.7 
Table 3.1 
INDIVIDUAL RESULTS OF LAMINATE 14 
(Type 1 batch fibre, ERLA 4617 resin) 
Number Estimated Frequency Fatigue of UTS stresses 
cycles 
MPa Hz MPa 
1508 
25 350 ± 350 I 858 900 
1457 
28.8 350 ± 350 2 110 200 
1457 
29.3 375 ± 375 7 118 200 
1455 
33.6 450 ± 450 II 083 200 
1440 
28.8 375 ± 375 2 150 000 
1429 
30.0 452 ± 452 407 000 
32.5 452 ± 452 6 100 
25.0 464 ± 464 2 059 200 
1470 
33.3 450 ± 450 2 497 800 
1443 
32.0 450 ± 450 2 431 500 
1478 
* 453 ± 453 6 600 1443 
33.3 450 ± 450 37 000 
40 
Static 
residual 
strength OR 
(oR) -x 100 UTS 
MPa % 
880 90 
1113 125 
1179 132.5 
1195 134 
1044 117.5 
1133 127.5 
1145 129 
1247 140 
* 
** 
* Specimen failed in run-up to maximum load, machine was not set into automatic control. 
**Fatigue failure. 
Specimen 12, machine resonances were experienced at 30 and 32,5Hz making control difficult, These 
resonances were not troublesome at 25Hz. 
Specimen ILSS UTS 
MPa MPa 
I 72.5 966 
2 78.0 
3 65.4 960 
4 66.7 
5 76.6 1009 
6 65.9 
7 67 .o 990 
8 63.8 
9 65.9 1065 
10 73.7 
I I 46.3 663 
12 52.9 
13 59.9 630 
14 62.2 
15 69.4 827 
16 65.2 
17 59.6 817 
18 58.6 
19 57.6 783 
20 54.9 
'21 61 ,2 713 
.. . .. 
Table 3.2 
IND !VIDUAL RESULTS OF LAMINATE 27 
(Type 1 batch fibre, ERLA 4617 resin) 
Number Estimated Fatigue Frequency of UTS stresses 
cycles 
MPa Hz MPa 
1443 
28.3 343 ± 343 2 297 800 
1436 
28.3 343 ± 343 2 303 000 
1466 
28.3 343 ± 343 9 801 000 
1367 
28.3 343 ± 343 2 303 000 
1405 
28.3 343 ± 343 2 429 000 
1415 
28.3 343 ± 343 2 401 000 
1415 
29 343 ± 343 9 641 200 
1378 
1325 
29 343 ± 343 9 906 500 
1405 
29 343 ± 343 2 567 600 
1428 
*Fatigue failure, 
Static 
residual 
strength OR 
(oR) -x 100 UTS 
MPa % 
1031 120 
999 116.5 
1112 130 
1034 121 
I 134 132 
856 100 
993 116 
931 109 
* 
Laminate 
No. 
L40 
L44 
L46 
Table 3:.3 
RESULTS OF EXPERIMENTS TO DETERMINE THE EFFECT OF MODE OF 
LOADING ON THE COMPOSITE STRENGTH 
Ultimate tenoile otrength Ultimate tenoile strength Static otep loading Dynamic otep loading 
Inotron Schenclt Schenck Schenck 
Mean value Coefficient Hean value Coefficient Mean value Coefficient Mean value Coefficient 
of variation of variation of variation of variation 
MPa % MPa % MPa % HPa % 
1099 8.6 1104 I 1.1 1023 9.9 1038 11.8 
880 10.9 905 8.5 886 8.7 
875 13.8 961 8.7 912 II. I 
Each value quoted is the mean of ten results 
Table 3.4 
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MONOTONIC STRENGTH TESTS ON VARIOUS DIFFERENT WAISTED SPECIMEN SHAPES; 
MATERIALS, TYPE 2 TREATED FIBRE, ERLA 4617/DDM RESIN 
Specimen dimensions 
Number of Coefficient Laminate Thickneso Length specimeno He an Standard 
of 
number Length Width in gauge of gauge in a UTS deviation 
variat.ion 
section aection batch 
!lllll 111111 mm nun MPa MPa % 
-
L154 150 20 1,0 0 8 135 I 93 ＶＮｾ＠
Ll54 ISO 10 1.0 0 7 1328 132 9.9 
Ll5a 150 20 1.0 0 8 JJa7 52 3 .a 
Ll58 150 10 1.0 0 7 1424 27 1.9 
- - - - -
r- r - - f- - - - - - - - - - - - - - -
Ll60 200 20 0.5 0 a 144 I 50 3.4 
LJ60 150 10 1.0 0 7 1476 65 4.4 
L162 200 20 o.s 0 8 1454 88 6, I 
Ll62 ISO 10 1.0 0 7 llt38 77 5.3 
-
- - - - -- - - - - - - - - - - - - - - - -
- ｾ＠
L164 200 20 I .0 0 8 1401 107 7.6 
Ll64 ISO 10 1.0 0 7 1357 104 7.6 
Ll65 200 20 1.0 0 B 1351 I 13 8.4 
LJ65 ISO 10 1.0 0 7 1329 85 6.4 
1-- - - - - f- - t- - - f- - - - - - - - - - - - - --
Ll52 ISO 10 1.0 0 B 1403 81 5.8 
Ll52 150 20 o.s 0 8 1351 140 10:4 
Ll57 ISO 10 1.0 0 8 1330 63 4.8 
Ll57 '150 20 o.s 0 8 1219 63 6.9 
LIS9 ISO 10 1.0 0 B 1308 68 S.2 
Ll59 150 20 0.5 0 8 1281 82 6.4 
I-' 
- - - - -
- - - -
f- - - - - - - - - - - - - -
Ll61 ISO 10 1.0 0 10 1246 142 II .4 
Ll61 150 10 0,5 0 10 I 1(>9 137 10.0 
"' 0 indicates a simple ｜ｾ｡ｩｳｴｩｮｧ＠ without an extended gauge length. 
Table 3.5 
ZERO-TENSION FATIGUE TEST RESULTS TO COMPARE l.Omm AND 0.5mm WAISTED 
SPECIMENS FROM LAMINATE 1157 a TYPE ·2 TREATED FIBRE, 
ERLA 4617 RESIN 
Number of cycles to: 
Specimen Width/ Maximum Type of 
No. thickness fatigue First visible End of failure 
stress sign of a the test 
rrm/mm MPa shear crack 
2 10/ 1 1064 29000 29 000 fatigue 
5 10/ 1 1064 10000 381 000 fatigue 
10 10/ 1 1064 N/A 32 000 fatigue 
13 10/1 1064 33000 78 000 fatigue 
18 10/ 1 1064 11000 12 000 fatigue 
21 10/ 1 1064 69000 2 000 000 run-out 
4 20/0.5 1064 20000 58 000 fatigue 
7 20/0.5 1064 28000 43 000 fatigue 
12 20/0.5 1064 75000 218 000 fatigue 
15 20/0.5 1064 31000 2 017 000 run-out 
20 20/0.5 1064 4000 568 000 fatigue 
23 20/0.5 1064 30000 10 215 000 run-out 
N/A Data not available. 
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Table 3.6 
ZERO-TENSION FATIGUE TEST RESULTS TO COMPARE 1 .Omm AND 0 .Smm WAISTED 
SPEClMENS, ALL 10mm WIDE, FROM LAMINATE Ll61 2 TYPE 2 TREATED FIBRE 
ERLA 4617 RESIN 
Number of cycles to: 
Specimen Waisted Maximum Type of 
No. thickness ｦ｡ｾｩｧｵ･＠ First visible End of failure 
stress sign of a the test 
nun MPa shear crack 
4 l .0 997 46000 334 000 fatigue 
7 1 .o 997 17000 2 027 000 run-out 
12 I . 0 997 33000 2 I51 000 run-out 
IS I .0 997 ( 13-48)000 210 000 fatigue 
20 1 .o 997 9000 6 022 000 run-out 
25 1 .0 997 (5-113)000 2 000 000 run-out 
30 1 . 0 997 (28-74)000 8 350 000 run-out 
33 I .0 997 37000 2 034 000 run-out 
3 0.5 997 2125000 3 006 000 run-out 
1 I 0.5 997 (565-976 )000 2 000 000 run-out 
16 0.5 997 114000 676 000 fatigue 
19 0.5 997 521000 2 100 000 run-out 
22 0.5 997 22000 2 377 000 run-out 
26 0.5 997 (54 7-) 955 )000 2 028 000 run-out 
29 0.5 997 283000 2 005 000 run-out 
35 0.5 997 517000 2 165 000 run-out 
Numbers in parentheses represent the approximate range within which the 
cracking appeared. These specimens were not continuously monitored. 
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Table 3.7 
ZERO-TENSION FATIGUE TESTS TO COMPARE WAISTED AND UNWAISTED SPECIMENS 
OF LAMINATE L146, TYPE 2 TREATED FIBRE, ERLA 4617 RESIN 
Number of cycles to: 
Specimen Minimum Maximum Type of 
No. thickness fatigue First visible End of failure 
stress sign of a the test 
nun MPa shear crack 
4 I .OW (a) 584 - 8 527 000 
(b) 657 (446-2046)000 2 178 000 run-out 
7 1 .ow (a) 584 - 4 151 000 
(b) 657 1 964 000 18 808 000 run-out 
12 I. OW 822 200 000 2 189 000 run-out 
15 1 .ow 822 155 000 2 000 000 run-out 
20 1 .ow 822 97 000 6 000 000 run-out 
25 1 .ow 822 104 000 2 030 000 run-out 
30 1 .ow 822 30 000 1 536 000 fatigue 
33 l.OW (a) 584 - 4 000 000 
(b) 730 131 000 496 000 run-out 
36 1 .ow 657 150 000 18 301 000 run-out 
39 I. OW 657 2 349 000 2 429 000 run-out 
3 2 .ou Failed in run-up to full load 
1 1 2.0U (a) 822 - 2 000 000 
(b) 939 - 221 000 fatigue 
16 2 .ou (a) 822 - 2 000 000 
(b) 939 - 6 000 run-out 
19 2.0U (a) 822 - 2 040 000 
(b) 939 - 2 104 000 fatigue 
26 2.0U 822 - 21 000 fatigue 
29 2.0U (a) 822 - 2 000 000 fatigue (b) 939 - 2 843 000 
35 2 .ou 939 - 1 222 000 fatigue 
W means waisted 
U means unwaisted 
(a) stress applied initially 
(b) stress applied after surviving loading (a) 
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Table 3.8 
ZERO-TENSION FATIGUE TESTS ON TYPE 3/DX210 CFRP 8-PLY MATERIAL , 
RECTANGULAR AND WAISTED SPECIMENS 
Laminate Specimen Maximum Type of Thickness fatigue No. of No. No. 
stress cycles failure 
nun MPa 
SA21 6 2 751 10 660 000 run-out 
8 2 876 3 850 000 fatigue 
10 2 876 4 588 000 run-out 
12 2 876 5 419 000 fatigue 
14 2 876 6 936 000 run-out 
16 2 ,'t 
18 2 876 7 761 000 run-out 
20 2 876 12 853 000 fatigue 
SA21 8 1W 1233 39 000 fatigue 
4 1W 115 1 124 000 fatigue 
6 1W 115 1 1 062 000 fatigue 
10 1W 115 1 14 231 000 run-out 
12 1W 1151 2 035 000 fatigue 
14 lW 1 15 1 2 028 000 run-out 
16 1W 1 15 1 79 000 fatigue 
18 1W 115 1 68 000 fatigue 
2 lW 1069 6 669 000 run-out 
20 1W 1069 6 616 000 run-out 
Specimens marked W were waisted in the thickness only. 
* Specimen failed in run-up to full load. 
Specimen numbering: the specimens in this table were grouped into 
two batches, each batch was then numbered independently. There is 
no significance in identical numbers. 
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Table 3.9 
ZERO-TENSION FATIGUE TESTS ON TYPE 3/DX210 CFRP Ｔｾｐｌｙ＠ MATERIAL 2 RECTANGULAR AND WAISTED SPECIMENS 
Maximum 
Laminate Specimen Thiclmess fatigue No. of Type of No. No. stress cycles failure 
nnn MPa 
SA22 4 1 865 2 175 000 run-out 
6 I 865 8 000 fatigue 
8 1 865 6 279 000 run-out 
10 1 865 23 000 fatigue 
12 1 865 I 670 000 fatigue 
14 1 865 52 000 fatigue 
16 1 793 2 384 000 run-out 
18 1 793 1 862 000 fatigue 
20 I 793 12 169 000 run-out 
2 1 793 5 655 000 run-out 
SA22 2 0 .sw 1091 7 047 000 run-out 
4 o.sw 1091 I 954 000 run-out 
6 o.sw 1091 848 000 fatigue 
8 o.sw 1091 3 871 000 run-out 
10 o.sw 1091 8 685 000 run-out 
12 o.sw 1091 2 013 000 run-out 
14 o.sw 1091 397 500 fatigue 
16 0 .sw 1091 3 306 000 run-out 
18 0 .sw 1091 3 586 000 run-out 
20 0.5W 1091 3 339 000 fatigue 
Specimens marked W were waisted in the thickness only. 
Specimen numbering: the specimens in this table were grouped into 
two batches» each batch was then numbered independently. There is 
no significance in identical numbers. 
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Table 3.10 
ZERO-TENSION TEST PROGRAMME TO DETERMINE THE EFFECT OF AXIAL 
FATIGUE LOADINGS ON SHEAR STRENGTH 
No. of No. of No. of Mean Alternating 
cycles fatigue ILSS stress level stress level 
sustained specimens specimens MPa MPa 
0 - 14 - -
105 2 14 425 ±425 
106 2 12 425 ±425 
4.25 X 106 1 7 425 ±425 
6 • 158 X 106 1 7 425 ±425 
107 1 7 425 ±425 
1 .4 X 107 1 7 425 ±425 
7 .679 X 106 1 7 460 ±460 
1 .4 X 104 1 6 496 ±496 
3.0 X 105 2 14 496 ±496 
Table 3.11 
ZERO-cOMPRESSION TEST PROGRAMME TO DETERMINE THE EFFECT OF 
AXIAL FATIGUE LOADINGS ON SHEAR STRENGTH 
No. of No. of No. of Mean Alternating 
cycles fatigue ILSS stress level stress level 
sustained specimens specimens MPa MPa 
0 
-
28 - -
105 4 7 -321 ± 321 
106 4 8 -321 ± 321 
107 4 8 -321 ± 321 
2.25 X to6 2 4 -341 ± 341 
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Table 3.12 
REVERSED-AXIAL TEST PROGRAMME TO DETERMINE THE EFFECT OF 
AXIAL FATIGUE LOADINGS ON SHEAR STRENGTH 
No. of No. of No. of Mean Alternating 
cycles fatigue ILSS stress level stress level 
sustained specimens specimens MPa MPa 
0 - 30 - -
105 4 7 307.5 ±471.5 
106 4 8 307.5 ±471 .5 
3.78 X 106 I 2 307.5 ±471.5 
5.03 X 106 1 2 307.5 ±471 .5 
6.58 X 106 1 2 307.5 ±4 71 .5 
107 5 10 307.5 ±471 .5 
2.87 X 107 1 2 307.5 ±4 71 .5 
Table 3.13 
SUMMARY OF CREEP TEST RESULTS 
Creep Elastic Strain on Creep strain Test-piece 
stress Temperature modulus on loading after No. loading 1000 hours 
MPa oc GPa % % 
492 529 21 144 0.304 0.006 
494A 529 21 151 0.291 0.008 
494 1058 21 153 0.647 0 .009 
495 1058 21 144 0.649 0.006 
B493 529 80 150 0.330 0.0045 
B500 529 80 150 0.320 0.004 
B495 1058 80 147 0.644 0.005 
CFRP containing type 2 treated fibre in ERLA 4617 epoxy resin 
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Fig.3.4 Typical monotonic failures of unidirectional 0° CFRP 
specimens which were waisted in the width 
, 
Fig.3.4 
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Fig. 3.5 A sketch of shear cracks in a fatigue 
specimen (not to scale) 
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Fig.3.8 Monotonic tensile failure surface in CFRP Type 1 
treated fibre, ERLA4617 resin 
Fig.3.9 Zero-tension fatigue failure surface of CFRP Type 1 
treated fibre, ERLA4617 resin 
Figs.3.8&3.9 
Fig.3.10 Zero-tension fatigue failure surface of CFRP Type 1 
treated fibre, ERLA4617 resin 
Fig.3.10 
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CHAPTER 4 
THE SHEAR PROPERTIES OF CARBON FIBRE REINFORCED PLASTICS 
4.1 Introduction 
The importance of shear in CFRP was indicated when discussing the 
tensile test in the last chapter. However, the shear properties are not 
simply required for load diffusion into a structure. They are of funda-
mental importance in loading individual fibres. Stresses are trans-
mitted from the matrix into _the fibre's by shear at their interface. A 
reduction in shear strength by continuous or repeated loadings would 
seriously limit the composite usefulness. Accurate assessment of shear 
behaviour is obviously vital. 
In this chapter a critical review has been made of shear testing 
methods. Each test has been judged with two points in mind. Is the test 
reliable and can it be used for creep and fatigue investigations? 
The review is followed by experimental data for fatigue and creep 
tests on ±45° CFRP subjected to tensile loadings. 
Torsion of tubular test-pieces has been omitted from this chapter. 
Instead a theoretical analysis is presented in chapter 5 and some experi-
mental results in chapter 6. 
4.2 Shear testing methods 
4.2.1 The plate twist or saddle test 
This review will begin with one of the more elegant ways of obtain-
ing the elastic constants of a composite. This is the plate twist or 
saddle test57 • It subjects a square plate to bending moments so that 
the two corners on one diagonal are moved upwards whilst the corners on 
the other diagonal are moved down. The shear modulus can be derived from 
the deflexion of the plate centre or, in the case of orthotropic materials, 
any point of a diagonal. 
Tsai57 has shown that two unidirectional plates and two beams are 
all that iS required tO determine the COmplianCeS s}JP SJ2' s 22 and s66 • 
The saddle test is used with the plates, one .having the fibres ｯｲｩ･ｾｴ･､＠
ｾＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭ ＭＭ - - --- .. 
- - ---------------------. 
0 parallel to one edge (a 0 plate) and another with fibres oriented along 
a diagonal (a 45° plate). The ｢･｡ｭｳｾ＠ one oriented at 0° and the other 
with fibres at 90°, are used to determine flexural moduli. 
The optimum plate geometry is a thickness to side length ratio of 
58 between 1:25 and 1:50 • Any imperfections or unbalanced laminations 
will lead to erroneous results. 
The method has been reasonably successful for glass fibre epoxy 
composites with experimental results comparing favourably with calcula-
. f 1 1 . 57 t1ons rom p ate ana ys1s 
69 
Rothman and Molter59 compared the saddle test with a dynamic 
torsional method and found values of 4.89GP and 5.2SGPa respectively for 
the shear modulus of CFRP. However, using control plates of aluminium 
and titanium, very significant errors were found suggesting a discrepancy 
in the analysis. They opined that some error was almost certainly due 
to the tacit assumption that a plate will deform as predicted theoretically 
and that the plate edges remain straight under load. 
Whitney60 also described the limitations of the method with respect 
to fibre orientation and ply assembly order. He showed that only ortho-
tropic materials with no strain-bending coupling may be used. 
In view of these unquantifiable errors and the fact that no strength 
estimate can be made the test will not be pursued further. 
4.2.2 The shear rail and picture frame tests 
Simple methods of examining intralaminar shear properties are the 
shear rail and picture frame tests. 
In the shear rail test the flat plate specimen of Fig.4.1 is 
deformed in shear when compressive loads are applied to the ball ends of 
the loading jig, Fig.4.2. The deformation is measured by strain or 
detrusion gauges. 
This test has an advantage over the saddle test because strength 
estimates can be obtained in addition to the modulus. It is complicated 
b . . b 11 d h 1 d. . . d . b "1" 61 d y requ1r1ng a en s on t e oa 1ng J1g to re uce var1a 1 1ty an 
..... -····---·----------------------: 
guide rails to prevent buckling. An additional constraint requires the 
specimen to remain in firm contact with the rails to ensure proper shear 
deformation. 
70 
Provided the length is at least ten times greater than the width, 
the test is suitable for all laminations where the ratio of the elastic 
constants A22/A66 ｾ＠ 1*. When this condition is obeyed the centre of the 62 
specimen is in a uniform stress state but when A12/A 11 ｾ＠ A12/A22 ｾ＠ 1 , 
i.e. for ±45° materials, uniform stresses do not occur and premature 
failure results. Used with the correct laminations the test gives values 
of shear modulus similar to analytically calculated estimates. 
The picture frame test, in which a frame surrounding a square compo-
site plate deforms the material in shear, also realizes the intralaminar 
h h d d 1 58,63,64 s ear strengt an mo u us • 
Both methods are unsuitable for creep or repeated loadings because 
of the many linkages in the loading jigs even though they yield strength 
and modulus values. 
4 . 2.3 Lap-shear testin& 
Lap-shear test specimens usually consist of unidirectional material 
which is partially cut through on either side to leave a central portion 
supporting shear stresses only. It is a simple, direct and practical way 
of obtaining an estimate of shear strength and has been used both mono-
. 11 d . f t' 65 ,66 u f 1 . xh'b' h h' h ｴｯｮｾ｣｡＠ y an ｾｮ＠ a ｾｧｵ･＠ n ortunate y ｾｴ＠ e ｾ＠ ｾｴｳ＠ strengt s w ｾ｣＠
are inferior to other test methods. 
67 This strength reduction is not unexpected. DeBruyne reported 
that stress concentrations at the end of bonded lap-joints severely reduce 
their strengths and this has been verified in CFRP by Sturgeon68 , 69 and 
70 by Altho£ . 
The test does have one significant advantage. It can be subjected 
to stress-rupture and dynamic fatigue loadings and gives a definite 
unequivocal end-point. It also has relevance to structural behaviour, 
being similar in some ways to bonded joints, but the stress concentrations 
make it unsuitable for material characterisation studies. 
*The elastic constants A.. are defined on page 136. 
ｾｊ＠
4.2.4 Shear tests in bending 
Shear stresses can easily be induced in beams and the three-point 
bending of short composite beams is a common interlaminar shear strength 
test. To measure modulus a four-point bending geometry is required in 
which the anvils are positioned at points corresponding to 0/4, 1/4, 3/4 
and 4/4 of the span length. The modulus can be determined from the 
deflections at the 1/4 and 1/2 span length positions58 but the test is 
little used. 
Th·e three-point bend test is attractively simple and particularly 
popular. Standard test geometries are used in America71 for fibre 
reinforced plastics in general, and in the United Iungdom for CFRP in 
particular54 • The geometry of the British specimen is given in Fig.4.3. 
This type of test had been frequently used to assess glass fibre compo-
sites before the advent of CFRP72 , 73 • 
71 
The strength is calculated from simple beam theory by the following 
equation: 
where Tl2 is the 
p is the 
d is the 
b is the 
Unfortunately 
composites when the 
= 
3P 
4db 
inter laminar shear strength 
applied load 
specimen depth 
specimen width. 
this equation is only valid for unidirectional 
width and depth have similar values. Accurate 
ment of the stress distribution has been made using elasticity 
(4-1) 
fibre 
assess-
Solut1.ons 74 , 75 • Th" · 1 · · 1 t b 1s po1nts to a arge error 1n us1ng e emen ary ･ｾｭ＠
theory and the specimen dimensions of Fig .4. 3. The er·ror is largest when 
low modulus fibres are used. 
In spite of its inaccuracies the test is extremely useful for ｱｾ｡ｬｩｴｹ＠
control purposes when comparisons need to be made between similar 
materials, as for instance, during the assessment of fibre surface 
76 treatment • 
. 77 propert1es 
It has also been used to assess the stress rupture 
d h d . f . . . CFRP46 ,65, 78-80 . an t e ynam1c at1gue res1stance 1n . 
Specimen geometry not only affects the stress distribution in a 
three-point bend test-piece it also controls the mode of failure. At 
large span:depth ratios flexural» i.e. tensile and compressive, failures 
predominate, whilst at short spans shear failure is more likely. The 
bounding condition for shear rather than flexural failure is 
72 
> 
L 
ZT12 d (4-2) 
where (Jf is the flexural strength of the composite measured at a large 
54 
span 
T]2 is the shear strength from equation (4-1) 
L/d is the span:depth ratio. 
This inequality has been verified for a range of materials at 
81 
span:depth ratios of 6, 4 and 3:1 • 
A number of problems are caused by the loading anvils which create 
a complex stress distribution within the specimen, particularly near the 
centre anvil82 • For instance, it is predicted theoretically that, below 
the threshold span:depth ratio where only shear failures should occur, 
specimens break to give a constant strength value. In practice no such 
shear strength plateau is realized. Instead, decreasing the span:depth 
. 1 . the t h79,81,83 ratLo a ways Lncreases s rengt • 
Changing resins can also affect the response of the specimen. 
Composites made with resin matrices which have both high strength and 
modulus are less affected by changes in span:depth ratio than if weaker 
. d83 resLns are use . 
Unfortunately, in spite of the general success of equation (4-2) 
in predicting the mode of failure it does not always hold. In practice 
flexural failures do occur even when shear failure is predicted. 
Nevertheless the simplicity of the test encourages its widespread use. 
4.2.5 Off-axis testing 
Off-axis tests are made by testing at an angle to one of the 
principal orthotropic composite axes. They are performed either on uni-
directional material with the fibres oriented at an angle 8° to the 
- ----- ----------------------: 
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applied load or on angle-plied composite having balanced laminations of 
±9°. In both cases load is applied in the 0° direction. 
The test can be used to determine the shear constant Q66 • 
A modulus measurement at any arbitrary angle can be transformed to the 
. • 1 1 . 28 d • f Q Q d Q 1 d 1• pr1nc1pa am1nate axes an, 1 11 , 12 an 22 are a rea y ｾｮｯｷｮＬ＠
Q66 can be enumerated. 
This technique shows excellent agreement with other tests when used 
84 to establish the stress-strain behaviour. Greszczuk has found it use-
ful in obtaining a value for shear modulus. 
It has not been successful in estimating the failure strength in 
the planes of the principal orthotropic axes where combined stress load-
85 ings occur 
The ±45° test is an off-axis test of particular interest. It gives 
both the shear modulus and an estimate of a combined intra- and inter-
laminar shear strength. The following section is devoted to this test. 
4.2.6 The ±45° tensile test 
The 45° tensile test is a special case amongst off-axis tests. 
A test-piece containing material oriented at this angle can be used to 
determine the intralaminar shear properties because loads applied in the 
0° direction give maximum shear stresses at 45°. 
In all off-axis tests end-constraint effects make single lamina 
0 86 0 
orientations of e unacceptable and balanced laminations of ±9 should 
be used. However, in spite of this objection good agreement has been 
shown between the stress-strain response of single angle off-axis boron-
. d 1 d d. 1 85 epoxy compos1te an va ues measure 1rect y . 
The shear modulus of composite oriented at ±45° is given by87 
= 
WE 
X 
4 (W - E ) 
X 
(4-3) 
where G12 is the shear modulus in the natural coordinates of the con-
stituent material, the axis notation is given in Fig.2.1, E is the 
X 
tensile modulus of ±45° material measured in the loading direction, the 
0 0 • • d d1rect1on, an 
- ... ·- ·- ··------------------: 
is the modulus of the ｬ｡ｾｮ｡･＠ in the fibre direction 
is the modulus of the larndnae transverse to the fibres 
is the major Poisson's ratio 
is the minor Poiss.on 's ratio. 
Thus knowing the material elastic constants and measuring 
shear modulus may be determined. 
E the 
X 
The analysis is based on linear elasticity theory and requires the 
elastic properties to remain constant. Often E22 is linear only at 
small strains so equation (4-3) may be incorrect when used at large 
. 85 
ｳｴｲ｡ｾｮｳ＠
A simpler derivation of shear stress-strain behaviour in ±45° 
88 laminations has been given by Rosen • 
The shear stress at 45° is half the tensile stress and uniform 
throughout the specimen except at the edges and the ends. The overall 
shear strain in the material is given by 
= 
but for fibre orientations at 45° the shear strain y 12 in the 
individual laminae of the laminate is given by 
8 (1 + \) ) 
x xy 
= 8 - £ X y 
The difference between the two strains 8 and £ can be deter-
x y 
mined readily and the shear modulus G12 is given by 
= 
a 
X 
2 (£ E ) 
X y 
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Consequently the use of a ±45° specimen to obtain in-plane shear 
properties is quite simple. 
For a state of pure shear to exist on the 45° planes IE I must 
X 
equal IE I . y This did not occur in boron-epoxy composites
87 
where small 
transverse tensile strains lead to tensile stresses in addition to the 
shear stresses. Any interaction between the transverse stresses and the 
longitudinal shear stresses would be reflected in the modulus E and in 
X 
G12 , but the nature of the interaction would not be obvious
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• 
ｐ･ｴ ｾｴ ＸＷ＠ has shown that the d t ·1 t L secon ary ･ｮｳｾ＠ e s resses cause pre-
mature failure of ±45° specimens giving lower shear strengths than pre-
dicted by other test methods. Non-uniformity of stress near the edges of 
the test-piece also contributes to premature failure. 
Interlaminar shear stresses occur between the layers of angle-ply 
laminates where there are abrupt changes in the fibre orientation. With 
0 0 
some orientations, notably from ±5 to ±40 , these stresses are quite 
89 0 large • Fortunately they are modest in the case of ±45 material and do 
not affect the stress-strain behaviour. Consequently good agreement has 
been observed between experimental values and theoretical predictions of 
. f '1 90 the ｳｴｲ･ｳｳＭｳｴｲ｡ｾｮ＠ response to ｡ｾ＠ ure . 
Sims 91 has shown that ±45° glass fibre-epoxy tensile specimens 
compare well with the stress-strain response of shear rail tests. 
Reasonably good agreement was also found for type 2 carbon fibre-epoxy 
composite and torsion tests on tubular specimens made by other workers. 
The above review shows that a simple flat ±45° specimen is suitable 
for determining the shear stress-strain response. There is the added 
advantage that because it is tested in tension a very definite failure 
point occurs when the specimen separates into two pieces. Also since 
the shear strain y 12 is directly related to the tensile strain Ex 
shear behaviour can easily be monitored during tests*. As a result it 
can be used to compare different materials under creep and fatigue load-
ings. Its response to monotonic loadings is reported in the next 
section. Fatigue and creep are examined later. 
* The direct relation between 
material is uncracked. 
and E 
X 
only holds whilst the 
4.2.7 Monotonic tests on ±45° CFRP 
Slow speed monotonic tensile tests have been performed on ±45° 
specimens to determine the ultimate tensile strength and the shear 
modulus. Type 2 treated fibres in DX210 resin were used (material E, 
Appendix 1) and the specimens were 250mm long, 40mm wide and 2mm thick. 
End-plates of thin aluminium alloy were bonded to each test-piece, 
preventing damage by the fatigue machine wedge jaws and giving an 
unsupported length of 180mm. 
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Strain measurements were made on a number of test-pieces using foil 
strain gauges, Kyowa type I<FD-5-c 1-11 with a gauge length of 5mm. These 
were bonded to the surface after it had been lightly abraided and cleaned. 
A Welwyn Strain Measurement adhesive M-bond AE-15 was used. One gauge was 
mounted in the 0°, the other in the 90° direction and the strain on each 
was measured individually by Peekel strain indicators type 540DNH. 
The load-strain curves were plotted directly on a Bryans 26000 series 
two pen X-Y plotter. Limitations of the instrumentation prevented the 
monitoring of strains above 20000 microstrain even though failure took 
place at higher values. However, at these high strains there was much 
cracking which would cast doubt on the value of strain measurements by 
foil gauges. 
The monotonic tensile strengths are given below and the shear 
stress-strain data are listed in tables 4.1 to 4.4 for specimen numbers 
SA37/4, 37/6, 37/13, 37/17. A typical shear stress-strain curve is 
shown in Fig.4.4. 
Results of tensile strength tests on ±45° material 
Laminate Specimen Maximum Maximum tensile stress shear stress No. No. MPa MPa 
SA37 9 167 83.5 
18 156 78.0 
27 161 80.5 
SA38 9 170 85.0 
18 161 80.5 
27 153 76.5 
Av. 16 1 Av.80.5 
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The 'maximum shear stress' in this table is the shear stress on the 
45° plane at failure. By way of comparison the interlaminar shear 
strength for similar unidirectional material is given below 
Interlaminar shear strength of DX210/txpe 2 fibre CFRP 
Laminate 
SA33 
Specimen group 
No. 
2 
16 
Inter laminar 
shear strength 
MPa* 
77 0 13 
87.95 
Av.82.54 
*Each value is the average of seven tests. 
The similarity beoween the interlaminar shear test and the ±45° 
result is fortuitous. The latter measures a combination of intra-
laminar and translaminar shear which is not directly comparable with 
interlaminar shear. (By way of example, data taken from another 
programme using a different epoxy resin gave the shear strength of ±45° 
material as 71MPa but 108MPa with the short beam test.) 
Fig.4.4 shows that the modulus decreases with increasing strain 
Values at three different strains are given in the table below to 
illustrate this point. These data were taken from the first loading of 
the specimen to avoid the complication of viscoelastic effects. 
The shear modulus of ±45° specimens 
Specimen 
No. 
SA37/4 
SA37/6 
SA37/13 
SA37/17 
Shear 
0)..18 
GPa 
50 10 
5.42 
5.34 
4.96 
modulus G12 
3000)..18 
GPa 
4.54 
4.86 
4.81 
4.52 
at strains 
6000}.18 
GPa 
3.60 
4.04 
3.80 
3.98 
of: 
-- -- - ------ --------------------------, 
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4.2.8 Shear testing in torsion 
Shear tests have been made on composites by torsional loadings 
. l"d d 48 , 92 , 93 d fl h . 1 94 . dd" . us1ng so 1 ro s an at s eet mater1a s 1n a 1t1on to 
. 22 95-97 tubular test-p1eces ' 
During torsional loadings the stress distribution in solid rods and 
flat sheets is highly non-linear. In effect the strength test is 
limited to testing a small volume of material at the extreme edges which 
need not be representative of the whole. This contrasts with a thin-
walled tube where the stresses are substantially uniform and, if the 
tube diameter is sufficiently large, the amount of material being tested 
is much bigger. On the other hand square section test-pieces are often 
cheaper to make than a hollow tube so they may be used in some circum-
stances. 
92 Hancox used a solid CFRP cylinder and reported a continuous 
decrease in shear strength as the volume fraction of fibre increased 
from 30%. He found this effect with untreated type and type 2 fibre 
and also with treated type 1 • Whereas treated type 2 showed a maximum 
shear strength at SO% volume fraction of fibres. 
22 Pultruded tubes of CFRP have been used by Paton and Lockhart • 
Their results have been discussed already in section 2.2.3. 
The limitations of the three-point short beam shear test have been 
highlighted by Lavengood and Michno97 who used glass fibre reinforced 
epoxy and showed that tubular specimens gave higher strength values. This 
is not unexpected following the elasticity theory analyses of the short 
b • d 1" 74 , 75 I 1 b b d h h earn test ment1one ear 1er • t must a so e remem ere t at t e 
tube measures intralaminar shear whereas the short beam test gives inter-
laminar shear. They need not be equivalent. 
Hancox92 and Paton and Lockhart22 made torsion tests with the 
fibres oriented along the tube axis. Tubular specimens containing hoop-
wound fibres are considered in chapter 6. 
4.3 The effect of cyclic shear fatigue stresses on CFRP 
4.3.1 Introduction 
It is clear from the review of shear test methods above that only 
three are really suitable for routine fatigue testing, these are the 
three-point bend test, the ±45° specimen and torsion testing. 
-- -- ＭＭＭＭ ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾ＠
A short review will be made now of the shear fatigue ｲ･ｳｾｬｴｳ＠ which 
have been obtained with CFRP to date. Results will then be presented of 
some fatigue tests on ±45° material and the effect that repeated loading 
has on this orientation of CFRP. Finally the failure surfaces of ±45° 
CFRP will be discussed. 
4.3.2 A review of shear fatigue data 
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The limitations of the three-point bend shear test were outlined in 
section 4.2.4. These all apply directly to fatigue testing too. However, 
the test uses flat laminated materials, which are easily made and are 
similar to commercially used composites. As a result the test has been 
widely employed for fatigue testing. 
As mentioned previously the test does not always result in shear 
failure, flexural failures are also common. Furthermore under fatigue 
conditions there appears to be no correlation between lifetime and the 
type of failure78 • 
Wadsworth and Hutchings used a wet lay-up laminating technique with 
type 2 treated fibres and Shell 828 epoxy resin, nadic methyl anhydride 
curing agent and benzyldimethylamine accelerator. The three-point bend 
test was employed giving a steep S-N curve78 Bader and Johnson65 used 
another epoxy, Ciba-Geigy DLS 60, which showed a slightly less steep S-N 
curve with similar type 2 treated fibres. A third piece of work used a 
four-point instead of a three-point bend test79 . The resin in this case 
was a precondensate of Shell 828 epoxy resin and diaminodiphenyl sulphone, 
the fibres were again type 2 treated. This material gave a shallower S-N 
curve than the others. 
Since all three pieces of work used the same type of fibre they may 
be compared. Their results show that the monotonic and fatigue behaviour 
is largely determined by the resin and careful choice of matrices will be 
needed to obtain optimum shear fatigue resistance. 
Direct comparison of results between different workers may not be 
80 
straightforward for, as Potter has shown, creep occurs•under shear 
conditions and the failing stress is also dependent on the time under 
load. Consequently results presented by different workers may only ·be 
representative of the particular testing machine and conditions used. 
- -- -----------------------------: 
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Surface treaoment of the fibres not only increases the monotonic 
shear strength but gives a corresponding improvement in the fatigue 
resistance too. Owen and Morris 79 found that the ratio of fatigue 
strength, at a given lifetime, to the monotonic strength remains reasonably 
constant for a single resin system irrespective of the fibre type or 
surface treatment. The fatigue strength at 107 cycles is about 60% of the 
ultimate strength and no evidence of a fatigue limit has been found. 
In spite of these successful pieces of work the three-point bend 
test is not wholly satisfactory. Local crushing and damage not principally 
associated with shear is found at the centre anvil and the specimen tends 
to creep and deform around the anvils to create a 'hump-backed bridge' 
effect. Often there is no satisfactory identifiable point of failure. 
Instead some arbitrary displacement or deformation must be adopted as a 
failure criterion, particularly at elevated temperatures46 . In addition, 
the very nature of the test prevents the gathering of information on loss 
of stiffness and progressive damage in the composite. But, despite these 
shortcomings, there is no simple and satisfactory alternative interlaminar 
shear test. 
Bader and Johnson65 have compared the lap-shear test with the three-
point interlaminar shear test in fatigue and monotonic loading. The lap 
test gave inferior monotonic strengths and the relative difference 
between the two tests increased as fatigue tests were extended to longer 
lifetimes. This meant that the lap-shear test was markedly inferior -in 
fatigue. No doubt the repeated loading exacerbated the stress concen-
trations at the ends of the lap. Thus, whilst the specimen simulates a 
practical shear loading to some extent, it is worthless for direct 
material property investigations. 
In spite of the obvious attraction of the torsion test for the 
investigation of shear properties few pieces of work with CFRP have been 
reported in the open literature. 
Beaumont and Harris48 have studied the effect of repeated torsion 
on rectangular beams of unidirectional 0° CFRP. They used apparatus 
which gave a constant twist and measured the loss in load during a 
torsional fatigue test. A direct relationship was found between crack 
density and loss of stiffness in the specimen. They also suggested that 
creep may be occurring during the early part of the fatigue test. 
F . 1 95 h 1 d CFRP b h d h 11 b uJczat as a so rna e tests on ut e use o ow tu es. 
Some of his specimens were oriented at ±45° others had unidirectional 
fibres running parallel to the tube axis. He found a decrease in stiff-
ness during torsional fatigue and suggested a linear relationship 
between log (strain) and log (remaining lifetime). His ideas will be 
applied later to fatigue tests and have proved quite useful. 
4.3.3 The behaviour of ±45° CFRP under tensile fatigue loadings 
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Zero-tension fatigue tests were performed on composite made from 
type 2 surface treated fibre oriented at ±45° in DX210 resin (material E, 
Appendix 1). In this way the effect of repeated loading could be studied 
without the problems associated with the three-point bend test nor the 
expense of tubular test pieces. 
Detailed experimental results are given in Table 4.5 and an S-N 
diagram has been plotted in Fig.4.5. The monotonic tests have been plotted 
at the half-cycle point and all the tests were made with a Mayes fatigue 
machine, initially at 10Hz, but later a few were made at 1Hz. 
The results are similar to fatigue tests made with the three-point 
bending specimen in that longer lifetimes result from lower imposed stress 
levels. In particular the data of Fig.4.5 is similar to the results 
b . d b T.J d h d H h. 7 8 Th h h . 1 o ta1ne y wa swort an utc 1ngs . ese s ow t at approx1mate y 
half the ultimate strength can be sustained for lifetimes of 106 cycles 
in tests where the stress range is from zero to a peak value. 
During ±45° fatigue test temperature rises were observed and Fig.4.6. 
is a typical example. After an initial peak» which appears soon after 
commencing the test, the temperature gradually stabilized for a while but 
rose towards the end of the life. The larger the fatigue stress amplitude 
the greater the temperature increases. In fact so much so that specimens 
tested over the range 0 to 110MPa eXhibited temperature rises of up to 70°C 
just before failing. This prompted a number of tests to be conducted at 1Hz. 
At these lower speeds not only was the temperature rise much reduced, 
0 the maximum recorded was about 11 C, but the specimens lasted longer. 
Clearly the high temperature weakens the composite and hastens failure. 
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Although the effects of ambient environment and temperature have not 
been investigated yet, it is clear that a careful choice of resin must be 
made to resist shear fatigue stresses at high temperatures. 
The Mayes servo-hydraulic fatigue machine is fitted with peak memory 
units. These allow a continuous record to be made of the ram's position at 
both the maximum and minimum load. In this way the movement of the ram 
and, hence, the change in length and stiffness of a specimen can be 
monitored during a fatigue test. 
The output of the ram displacement transducer has been checked against 
an extensometer attached to ±45° test-pieces. A direct linear relation 
exists between them provided the specimen is not too severely damaged • . 
Once failure begins extensive cracking and localised necking destroy the 
equivalence between the measurements. 
During cyclic loadings a continuous increase in overall specimen 
length was found in addition to a decrease in stiffness response to the 
cyclic loads. Undoubtedly some form of creep or fatigue induced loss of 
modulus was occurring. 
Fig.4.8 is a typical illustration of this effect and is taken from 
a specimen tested in zero-tension from 0 to 80.6MPa. The cyclic frequency 
was 4Hz and the load forms a square-wave. 
The curve marked 'minimum ram displacement' indicates the ram's 
position when the specimen is unloaded and gives the overall increase in 
length caused by the cyclic loadings. 
The centre curve shows the ｣ｨｾｮｧ･＠ in dynamic displacement which is 
required to maintain the dynamic stress amplitude. It indicates that the 
specimen becomes more compliant to fatigue loadings as the test proceeds. 
The upper curve marked 'maximum ram displacement' represents the 
total extreme movement at the maximum tensile stress. 
The square-wave loading given to specimen SA37/17 was an attempt to 
simulate rapid loading and unloading with short creep and recovery times. 
The overall form of the displacement was identical whether square- or 
sine-wave loading was used. A sketch of the maximum displacement ､ｾｲｩｮｧ＠
the lifetime of a specimen is displayed on a linear scale in Fig.4.9. 
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The fatigue induced creep rate first decreases rapidly with time and 
then drops much more slowly just like ordinary creep behaviour. Towards 
the end of the materials life the creep rate increases, being very fast 
just before failure. By watching a trace of the displacement and noting 
this increase necking and failure can be predicted. 
A blank aluminium specimen was used to show that the effect was indeed 
due to CFRP and not to the fatigue machine relaxing or fretting of the end 
plates in the grips. 
The remaining lifetime NR is a useful concept. It amplifies 
effects at the end of the specimen life particularly if there is extensive 
cracking and damage. It is obtained by working backwards from the failure 
point, rather than forwards from the beginning of the test. Fujczak95 has 
shown that a linear relation exists between log (shear strain) and log ＨｾＩ＠
for CFRP tubes tested in torsion. Similar plots have been made for ±45° 
CFRP. 
Fig.4.10 is a plot of log (maximum displacement) with log ＨｾＩ＠ for 
tests performed at lOHz. Fig.4.11 shows data collected at 1Hz. The detailed 
data for these curves are given in Table 4.6. The relation between the 
variables is not linear for ±45° CFRP nor do all the points lie on one line. 
Instead separate lines occur for each specimen but test-pieces subjected to 
the same stresses are grouped together. (Data is not available for every 
specimen tested because the pen-recorde-r chart tended to jam, usually· 
during the low stress long lifetime tests.) 
The curves of Figs.4.10 and 4.11 show a change of slope at the point 
marked X. Some specimens gave another slope change at the points marked Y. 
Point X is identifiable as the point D of Fig.4.12 where the displacement 
creep rate begins to accelerate in the approach to failure. 
It was thought that the rapidly increasing displacement from point D 
onwards (Fig.4.12) might be due to cracking. Particularly as failed 
specimens showed signs of fairly extensive damage. To investigate this 
further, six specimens were fatigued to one of each of the positions marked 
on the curve of Fig.4.12. This was easily done by monitoring the displace-
ment. After the cyclic loading they were removed from the machine without 
further damage. They were then sectioned, polished and examined under a 
microscope. 
ＭＭＭＭＭＭＭＭ ＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭＭｾ＠
Specimens fatigued to positions A, B and C showed little sign of 
damage, Fig.4.13. Sometimes there was the occasional crack. 
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In contrast the specimen taken to point D showed cracks beginning to 
appear more clearly, Fig.4.14. 
At points E and F the cracking had become very significant and 
extensive. Fig.4.15 shows this clearly. It was taken from a section of 
material where necking was seen and where failure of the specimen was 
expected, indeed failure was probably only a few cycles away. 
The upward turn of the displacement plot, Fig.4.9, and the change of 
slope on the log-log plots, Figs.4.10 and 4.11, can now be explained. 
They correspond to the initiation and subsequent propagation of shear 
cracks. 
A convincing explanation of the second change of slope at points Y 
for specimens tested at 80 and 90MPa maximum load and on one specimen 
tested at lOOMPa has not been found yet. Since point X has been positively 
identified as the moment at which cracking begins, it is tempting to 
suggest that Y represents the position of extensive crack propagation and 
crack growth. The absence of a 'Y-stage' in specimens tested over large 
stress ranges is also significant. 
A longitudinal section through a failed fatigue specimen shows that 
the crack density increases as the failure surface is approached. 
Figs.4.16 to 4.18 show this effect which was similar for all the loading 
levels. It was also found that the crack density was greater for low stress 
level specimens than those fatigued at high stresses. Further discussion 
of this will be delayed until chapter 7. 
4.3.4 The response of ±45° CFRP to interrupted fatigue loadings 
An interrupted fatigue test was made to check whether fatigue induced 
creep was recoverable or not. 
A specimen was cycled at 10Hz over the range 0 to lOOMPa. The test 
was interrupted at points corresponding roughly with A, C and D of Fig.4.12. 
The creep and recovery were noted at each point using the ram displacement 
transducer. 
An instantaneous strain of 1.11% was recorded on first loading to 
100MPa. This was assumed to be elastic in order to provide a datum for 
comparison. The creep strain is additional to this elastic strain, the 
data are given below; 
Number of Total Creep strain Instantaneous Creep strain 
strain at Recovery Permanent 
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cycles recovery recovered 
sustained N cycles at N cycles strain time T after T hours deformation 
N % % 7. hours % 7. 
1000 1.477 0.367 1.267 3.75 0.044 0.166 
20800 1.999 0.889 1.311 16.0 0.133 0.555 
75000 2.454 I .344 1.44 22.0 0.122 0.892 
The 'instantaneous recovery' is the strain recovered as the load 
is reduced to zero at the beginning of each recovery period. In order to 
make the recovery times long compared with the cycling time the former was 
increased as the cycling interval increased. 
Due to the high initial creep rate it was difficult to estimate the 
instantaneous strain on recommencing cycling. These data have, therefore, 
been omit ted . 
At each interruption the instantaneous recovery was greater than the 
original elastic loading strain but the permanent deformation increased 
with cycling ｴｾ･Ｎ＠ After a period of zero load the strain recovered was 
very small compared with the total creep strain showing that the material 
is by no means linear visco-elastic. 
The creep rate on recommencing cyclic loading after a recovery period 
was initially very high but it quickly decreased to follow the general 
shape of Fig.4.12 as though no interruption had taken place. 
4.3.5 The failure of ±45° CFRP 
...., .. ,. 
There ｾ､ｩｳｴｩｮ｣ｴ＠ differences between the failure appearance of 
monotonic and fatigue tested ±45° CFRP. This was in complete contrast 
with the unidirectional material discussed in chapter 3 where the two types 
of failure were very similar. 
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Fig.4.19 shows typical monotonic failures of material tested in 
tension. Extensive cracking occurs above about 12000 microstrain followed 
by necking and the final fracture of the test-piece. After fracture the 
necking is recovered immediately and is no longer evident as shown by 
Fig.4.19. 
Fatigue specimens neck only very slightly when tested at intermediate 
stress levels (80-lOOMPa maximum stress). This occurs just before failure 
and the fracture surface is generally fairly clean with damage confined to 
a small area. This is illustrated in Fig.4.20 which shows that damage is 
much less extensive than in monotonic failures. 
At the highest stress level (llOMPa maximum stress) two types of 
failure were observed. Fig.4.21 shows the fracture after testing at 
1Hz. This is similar to the fatigue failure described above. At 10Hz 
the appearance was quite different, Fig.4.22. At this speed the damage is 
more extensive with evidence of some additional interlaminar failure and 
a more bristly appearance. There were also some resin cracks but these 
were not so obvious, nor so numerous as those of Fig.4.19. The temperature 
rise in this specimen was high being about 70°C so extensive damage is not 
unexpected. 
The question arises as to whether cracking is a purely matrix failure 
or a fibre-resin interface breakdown. In this context Fig.4.23 is most 
interesting. 
This micrograph shows a wide interlaminar crack between two orthogonal 
plies. It runs cleanly between the two different orientations and remains 
firmly within the resin rich zone. 
The photograph also highlights a small, narrow intralaminar crack 
propagating across one-ply towards the damaged interface. This crack is 
clearly keeping very close to the fibres and appears to take the shortest 
route through the resin from one fibre to a near neighbour. This strongly 
suggests that the interface fails first,not the resin. 
Obviously both resin and interface failures take place in ±45° CFRP. 
But each occurs in a different part of the laminate. Fig.4.14, which is 
typical of composite during the early stages of fatigue cracking, indicates 
that intralaminar cracks appear first. Later as the numbers increase and 
damage becomes more extensive resin rich areas develop interlaminar 
failures, Fig.4.15. 
If the interface between the plies is indistinct, particularly if 
there is no obvious resin barrier, an interlaminar crack may propagate 
from one ply into its neighbour. Such behaviour is clearly seen in 
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F . 4 15 F h. h 1 f h 1 h h 90° 1g. • • or t 18 to occur t e p ane o t e cract must turn t roug , 
which is no mean feat. The fibre-resin interface failure must therefore 
be energetically preferable to an interply crack. 
When the separation of two plies is quite large and the gap is 
filled with resin, an interlaminar crack may do two things as it approaches 
this interface. It may pass straight through to the next weakest fibre-
resin interface or it may be deflected into the resin rich area and become 
an interlaminar crack. Both sorts of behaviour can be seen in Fig.4.15. 
As yet no unambiguous evidence has been found of both mechanisms occurring 
simultaneously, but it may occur. 
Once intralaminar cracks have formed, the orthogonal plies can move 
slightly in a scissoring action. The combination of the stress field 
ahead of the intralaminar crack, the scissoring action and the interlaminar 
shear stresses all aid the propagation of interply failures. 
4.4 Creep tests on ±45° CFRP 
The first part of the fatigue induced creep curve is similar to static 
loading of materials where the creep rate decreases progressively as the 
internal stresses build up98 Static creep tests have therefore been made 
0 
on ±45 CFRP to compare with the behaviour under cyclic loading. 
Specimen blames were cut from a laminate of material E, Appendix 1. 
They were 230 x 25 x 2mm and when assembled had an unsupported length of 
140mm. End plates, similar to the ones in Fig.3.16 but modified to take the 
wider specimen, were bonded to the specimen. Aluminium tabs also protected 
the composite from the extensometer points and the tests were made on the 
same machines as described in section 3 .·4. 
Three tests were made at room temperature, one each at 50m 75 and 
0 IOOMPa. Two tests were also performed at SO C under stresses of 75 and 
lOOMPa. 
88 
The room temperature tests were interrupted to compare the 
instantaneous loading and unloading strains. These are given below. To 
maintain stability unloadings were made to a small positive stress but the 
instantaneous strain values have been factored as if zero stress had been 
attained. The high initial creep rate at 50°C prevented accurate assess-
ment of the instantaneous strains. 
Stress Test Instantaneous Instantaneous 
Specimen level temperature Loading loading Unloading recovered 
cycle strain cycle strain 
MPa oc % % 
SA39-6 50 20 1 0.19 1 0.260 
2 0.26 2 0.245 
3 0.255 
SA39-2 75 20 I 0.362 0.390 
2 0.397 0.384 
3 0.388 
SA39-8 100 20 1 0. 701 0.520 
SA39-4 75 50 1 0.458 
SA39-7 100 50 1 "'2.0 
These data show the following points: 
(i) At 50 and 75MPa the instantaneous strain at the first unloading is 
greater than during the original loading. During subsequent cycles the 
strain amplitudes decrease from the high value at the first unloading. 
(ii) At tOOMPa the initial loading strain exceeds the unloading value. 
(iii) Static creep behaviour is similar to, though much slower than, 
fatigue induced creep up to point D on Fig.4.12. 
Additionally it has been noticed that the static creep strain is 
always less than the fatigue induced creep. No clear relationship 
between the two has been established yet. The complete static creep 
curves are given in Figs.4.24 to 4.28 except that the instantaneous strain 
on first loading has been omitted. 
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4.5 Sumrnarz 
The following points have been established in this chapter. 
(1) The only suitable shear tests for fatigue testing are the three-point 
bend test, a tensile loading of ±45° material and torsional testing. Each 
has advantages and disadvantages, no one is clearly superior to the others. 
(2) The ±45° test can be used to determine the shear modulus of CFRP. 
(3) The ±45° specimen may be used for fatigue and creep testing. 
(4) Creep is found in ±45° specimens under static and fatigue loadings. 
The strain measured under fatigue conditions was greater than under constant 
stress. 
(5) The fatigue zero-tension S-N curve is clearly defined in ±45° 
material. 
(6) Cracking occurs in ±45° specimens subjected to fatigue loadings. 
Its onset can be easily recognised from the increase in strain which 
accompanies it. 
(7) Extensive cracking occurs just before failure. 
(8) The first cracks in the material are intralaminar which then lead to 
interlaminar, or interply, cracking. 
(9) The intralaminar cracks are largely resin-fibre interface failures. 
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Table 4.1 
SHEAR STRESS-STRAIN DATA FOR SPECIMEN SA37/4 
Specimen Load Tensile Shear £ £ y12 
stress X y number stress kN MPa MPa ll£ ll£ ].J£ 
SA37/4 0.25 3.28 1 .64 180 130 310 
0.50 6.56 3.28 375 275 650 
0.75 9.84 4.92 555 420 975 
1.00 13. 12 6.56 740 565 1305 
1 .25 16.40 8.20 930 715 1645 
1 .50 19 .68 9.84 1125 855 1980 
1 • 75 22.97 11 .48 1320 1005 2325 
2.00 26.25 13. 12 1515 1 155 2670 
2.25 29.53 14.76 1710 1310 3020 
2.50 32.81 16.40 1920 1470 3390 
2.75 36.08 18.04 2125 1625 3750 
3.00 39.37 19.68 2345 1800 4145 
3.25 42.65 21 .32 2560 1970 4530 
3.50 45.93 22.96 2780 2140 4920 
3.75 49.21 24.60 3020 2330 5350 
4.00 52.49 26.24 3260 2525 5785 
4.25 55.77 27.88 3515 2720 6235 
4.50 59.05 29.53 3775 2930 6705 
4.75 62.34 31 • 1 7 4060 3160 7220 
5.00 65.62 32.81 4340 3380 7720 
5. 25 68.90 34.45 4625 3620 8245 
5.50 72.18 36.09 4970 3900 8870 
5. 75 75.46 37.73 5285 4170 9455 
6.00 78.74 39.37 5615 4440 10055 
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Table 4.2 
SHEAR STRESS-STRAIN DATA FOR SPECIMEN SA37/6 
Tensile Shear Initial strains Strains after Specimen Load stress stress fatigue 
number (J 1"12 X 
kN MPa MPa E E y12 E E y12 X y X y 
SA37/6 0.25 3.21 1 .61 150 135 285 190 125 315 
0.50 6.42 3.21 325 270 595 375 255 630 
0.75 9.63 4.81 480 400 880 550 390 940 
1 .00 12.85 6.42 650 550 1200 725 515 1240 
1 .25 16 .06 8.03 825 675 1500 900 650 1550 
1.50 19.27 9.63 1000 825 1825 1080 775 1855 
I • 75 22.48 11 .24 1170 970 2140 1260 910 2170 
2.00 25.69 12.84 1340 I 120 2460 1440 1040 2480 
2.25 28.90 14.45 1520 1260 2780 1625 1175 2800 
2.50 32. 12 16.06 1700 1400 3100 1805 1310 3115 
2.75 35.33 17.66 1880 1560 3440 1990 1450 3440 
3.00 38.54 19.27 2070 1715 3785 2175 1590 3765 
3.25 41 • 7 5 20.87 2250 1875 4125 2375 1730 4105 
3.50 44.96 22.48 2440 2030 4470 2550 1875 4425 
3.75 48.17 24.08 2640 2200 4840 2770 2030 4800 
4.00 51 .39 25.69 2840 2375 5215 2975 2185 5160 
4.25 54.60 27.30 3040 2550 5590 3180 2345 5525 
4 .so 57.81 28.90 3260 2735 5995 3400 2510 5910 
4.75 61 .02 30.51 3475 2925 6400 3620 2680 6300 
5.00 64.23 32. 12 3705 3125 6830 3830 2855 6685 
5.25 67.44 33.72 3945 3330 7275 4055 3035 7090 
5.50 70.66 35 .33 4180 3555 7735 4275 3220 7495 
5. 75 73.87 26.98 4440 3785 8225 4480 3400 7880 
6.00 77.08 38.54 4700 4025 8725 4700 3590 8290 
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Table 4.3 
SHEAR STRESS-STRAIN DATA FOR SPECIMEN SA37/13 
Tensile Shear Initial strains Strains after Specimen Load stress stress fatigue 
number a 1'12 X 
kN MPa MPa £ £ Y12 £ £ Y12 X y X y 
SA37/13 0.25 3.19 I .59 150 140 290 225 1 IS 340 
0.50 6.39 3. 19 305 280 585 440 250 690 
0.75 9.59 4.79 475 425 900 630 380 1010 
1.00 12.78 6.39 605 565 I215 830 530 I460 
1 .25 15.98 7.99 810 700 1510 1020 680 1700 
1 .50 19. 17 9.53 980 840 1820 1210 830 2040 
1. 75 22.37 11 • 18 1160 980 2140 1390 975 2365 
2.00 25.56 12.78 1330 1130 2460 1580 II30 2710 
2.25 28.76 14.38 1515 1265 2780 1765 1290 3055 
2.50 31 .96 15.98 1700 1415 3115 1950 1460 3410 
2.75 35.15 17 .52 1885 I560 3445 2150 1640 3790 
3.00 38.35 19 • 17 2075 1720 3795 2340 1810 4I50 
3.25 41 .54 20.77 2270 1870 4140 2530 1980 4510 
3.50 44.74 22.37 2460 2030 4490 2730 2150 4880 
3.75 47.93 23.96 2665 2200 4865 2935 2330 5265 
4.00 51 0 13 25.51 2870 2375 5245 3140 2515 5655 
4.25 54.33 27 .I6 3085 2550 5635 3350 2700 6050 
4.50 57.52 28.76 3310 2740 6050 3570 2900 6470 
4.75 60.72 30.36 3540 2925 6465 3790 3095 6885 
5.00 63 .91 31 .95 3775 3125 6900 4015 3290 7305 
5.25 67 .I I 33.50 4025 3345 7370 4250 3505 7755 
5.50 70.30 35.15 4290 3580 7870 4375 3715 8090 
5. 75 73.50 36.75 4580 3845 8425 4725 3925 8650 
6.00 76.69 38.34 4905 4140 9045 4965 4150 9115 
----- -- ---- ------------------
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Table 4.4 
SHEAR STRESS-STRAIN DATA FOR SPECIMEN SA37/I7 
Tensile Shear 
Specimen Load stress stress 
number E: E: Y12 cr 1"12 X y X 
kN MPa MPa 
SA37/17 0.25 3.36 1 .68 180 150 330 
0.50 6.72 3.36 370 300 670 
0.75 10.07 5.03 560 450 1010 
I .00 13.43 6.71 750 600 1350 
I • 25 16.79 8.39 940 750 1690 
1 .50 20. IS 10.07 1 I 40 900 2040 
1 • 7 5 23.51 1 1 • 7 5 I345 1055 2400 
2.00 26.86 13.43 1550 1210 2760 
2.25 30.22 15. 11 1760 1370 3130 
2.50 33.58 16.79 1970 1530 3500 
2.75 36.94 18.47 2180 1700 3880 
3.00 40.30 20.15 2390 1870 4260 
3.25 43.66 21 .83 2610 2040 4650 
3.50 47.01 23.50 2830 2215 5045 
3.75 50.37 25 0 18 3060 2390 5450 
4.00 53.73 26.86 3290 2575 5865 
4.25 57.09 28.54 3520 2760 6280 
4.50 60.44 30.22 3760 2950 6710 
4.75 63.80 31 .90 4000 3150 7150 
5.00 6 7. 16 33.58 4255 3350 7605 
5.25 70.52 35.26 4510 3560 8070 
5.50 73.88 36.94 4775 3780 8555 
5.75 77.24 38.62 5050 4000 9050 
6.00 80.59 40.29 5350 4230 9580 
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Table 4.5 
THE ZERO-TENSION FATIGUE BEHAVIOUR OF ±45° CFRP 
Specimen Testing Maximum Lifetime speed tensile stress number Hz MPa cycles 
SA38/20 10 80 1 389 600 
SA38/19 10 80 2 463 400 
SA38/ 12 10 80 844 100 
SA40/4 10 80 1 994 900 
SA38/ 11 10 90 344 400 
SA38/10 10 90 413 700 
SA37 I I 1 10 90 553 700 
SA40/27 10 90 466 940 
SA38/3 10 100 47 300 
SA37/12 10 100 121 000 
SA37/IO 10 100 150 700 
SA40/3 10 100 57 980 
SA37 /3 10 110 3 460 
SA37/2 I O. 110 5 470 
SA38/1 10 110 5 020 
SA40/28 10 110 5 660 
SA40/17 1 1 10 11 854 
SA40/18 1 110 14 076 
SA40/l9 1 I 10 4 580 
SA40/23 1 110 7 800 
SA40/8 1 110 3 100 
._ _____________________________________ -- . 
Specimen 
number 
SA40/ 19 
SA40/17 
SA40/18 
SA37/3 
Table 4.6 
DETAILED DATA OF DISPLACEMENT WITH REMAINING 
LIFETIME OF ±45° CFRP SPECIMENS 
Maximum Testing Remaining Maximum 
stress speed lifetime, displacement 
MPa Hz cycles nnn 
110 1 90 4.28 
180 4.06 
360 3.80 
540 3.61 
720 3.47 
900 3.36 
I350 3 .125 
I800 2.99 
2700 2.74 
3600 2.56 
II 0 1 12 3.84 
24 3. 735 
48 3.62 
90 3.48 
180 3.35 
300 3.20 
600 3.00 
1200 2.80 
3000 2.48 
6000 2.23 
9000 2.04 
11400 I .86 
1IO I 12 3.35 
24 3.28 
48 3.20 
90 3.125 
I80 3.04 
300 2.965 
600 2.85 
1200 2.71 
3000 2.48 
6000 2.28 
9000 2. 13 
12000 1 .99 
110 10 I20 4.78 
240 4.43 
360 4.20 
480 4.03 
600 3.90 
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Log (maximum 
displacement) 
0.63I 
0.608 
0.580 
0.557 
0.540 
0.526 
0.495 
0.476 
0.438 
0.408 
0.584 
0.572 
0.559 
0.541 
0.525 
0.505 
0.477 
0.447 
0.394 
0.348 
0.310 
0.269 
0.525 
0.516 
0.505 
0.495 
0.483 
0.472 
0.455 
0.433 
0.394 
0.358 
0.328 
0.299 
0.679 
0.646 
0.623 
0.605 
0.591 
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Table 4.6 (continued) 
Specimen Maximum Testing Remaining Maximum Log (maximum 
number stress speed lifetime, displacement displacement) MPa Hz cycles nnn 
SA37/3 110 10 900 3.62 0.558 (concl.) 1200 3.40 0.531 
1800 2.94 0.468 
2400 2.45 0.389 
3000 2.05 0.312 
SA37 I 2 110 10 120 4.58 0.660 
240 4.30 0.633 
360 4 . 1 1 0.614 
480 3.94 0.595 
600 3.82 0.582 
900 3.61 0.557 
1200 3.45 0.538 
1800 3.20 0.505 
2400 2.97 0.473 
3000 2.74 0.438 
3600 2.50 0.398 
4200 2. 18 0.338 
4800 1 .87 0.272 
SA38/ I 1 10 10 120 4.46 0.649 
240 4. I 9 0.622 
360 4.00 0.602 
480 3.86 0.586 
600 3.77 0.576 
900 3.55 0.550 
1200 3.38 0.529 
1800 3.08 0.488 
2400 2.80 0.447 
3000 2.52 0.401 
3600 2.22 0.346 
4200 1.92 0. 283 
4800 1 .64 0. 215 
SA40/28 110 10 60 5. 25 0.720 
120 4.96 0.695 
180 4.74 0.676 
240 4.60 0.663 
300 4.47 0.650 
450 4.24 0.627 
600 4 .I 0 0.612 
900 3.86 0.586 
1200 3.69 0.567 
1500 3.54 0.549 
1800 3 .41 0.533 
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Table 4.6 (continued) 
Specimen Maximum Testing Remaining Maximum Log (maximum 
number stress speed lifetime, displacement displacement) MPa Hz cycles nnn 
SA40/28 110 10 2100 3.29 0.517 
(concl.) 2400 3. 17 0.501 
3000 2.94 0.468 
3600 2.73 0.436 
4200 2.39 0.378 
4800 2.06 0.314 
5400 1. 74 0.240 
SA38/3 100 10 120 3.71 0.569 
240 3.52 0.546 
360 3.37 0.528 
480 3.265 0.514 
600 3. 17 5 0.502 
900 3.045 0.484 
1200 2.95 0.470 
1800 2.85 0.455 
2400 2.77 0.442 
3600 2.675 0.427 
4800 2.61 0.417 
6000 2.56 0.408 
12000 2.40 0.380 
18000 2.27 0.356 
24000 2. 17 0.336 
30000 2. 10 0.322 
36000 2.025 0.306 
42000 1.94 0.288 
SA37/12 100 10 120 2.94 0.468 
240 2.85 0.455 
360 2.80 0.447 
480 2.76 0.441 
600 2.73 0.436 
900 2.66 0.425 
1200 2.62 0.418 
1800 2.55 0.406 
2400 2.50 0.398 
3600 2.44 0.387 
4800 2.41 0.382 
6000 2.375 0.376 
12000 2.28 0.358 
30000 2. 15 0.332 
60000 2.03 0.307 
90000 1.90 0 .279 
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Table 4.6 (continued) 
Specimen Maximum Testing Remaining Maximum Log (maximum 
number stress speed lifetime, displacement displacement) MPa Hz cycles mm 
SA37/ 10 100 10 120 3.16 0.500 
240 3.06 0.485 
360 3.00 0.477 
480 2.97 0.473 
600 2.93 0.467 
900 2.87 0.458 
1200 2.82 0.450 
I800 2.75 0.439 
2400 2.70 0.431 
3600 2.64 0.422 
4800 2.60 0.415 
6000 2.57 0.4IO 
12000 2.47 0.393 
42700 2.24 0.350 
60700 2. 15 0.332 
78700 2 .07 0.3I6 
96700 2.00 0.301 
114700 I • 9 15 0.282 
132700 I .83 0.262 
SA40/3 100 10 900 2.55 0.406 
1800 2.455 0.390 
2700 2.40 0.380 
3600 2.35 0.371 
5400 2.30 0.361 
7200 2.25 0.352 
I0800 2. 185 0.339 
14400 2.135 0.329 
18000 2.095 0.321 
27000 2.02 0.305 
36000 1 . 94 0.288 
45000 1.86 0.269 
SA38/ 1 1 90 10 900 1 . 97 0.294 
1800 1 .87 0.272 
2700 I • 81 0.258 
3600 I. 79 0.253 
9000 1 • 74 0.240 
18000 1 . 71 0.233 
36000 1 .675 0. 224 
90000 1 .615 0.208 
180000 1.50 0. 176 
270000 I.40 0 .I46 
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Table 4.6 (concluded) 
Specimen Maximum Testing Remaining Maximum Log (maximum 
number stress speed lifetime, ､ｩｳｰｬ｡｣･ｾ･ｮｴ＠ displac.ement) MPa Hz cycles mm 
SA38/10 90 10 900 1.82 0.260 
1800 1. 725 0. 237 
2700 1.645 0. 216 
3600 1 .58 0.199 
9000 1 .52 0. 182 
18000 1 .49 0. 173 
36000 1.47 0 .16 7 
90000 1 .42 0.152 
180000 1 • 39 0. 143 
290000 1.35 0. 130 
SA37 I II 90 10 900 1 .92 0.283 
1800 1 .82 0.260 
2700 1 • 725 0.237 
3600 1 .68 0.225 
9000 1.62 0.209 
18000 1.60 0.204 
36000 1.57 0. 196 
90000 1 .54 0. 187 
180000 1.50 0 .176 
270000 1 .47 0.167 
360000 1 .43 0. 155 
450000 I .38 0.140 
SA40/27 90 10 900 1 .90 0.279 
1800 1 • 78 0.250 
2700 1 • 7 2 0.236 
3600 I .685 0.226 
9000 1 .62 0.209 
18000 I .60 0.204 
36000 1 .57 0. 196 
90000 1.54 0. 187 
180000 1 .49 1.173 
270000 1 .44 0.158 
360000 I .375 0. 138 
SA38/20 80 10 900 1 .68 0.225 
1800 1 .595 0.203 
3600 1 .535 0.186 
9000 1.49 0 .17 3 
18000 1.47 0.16 7 
90000 1.42 0.152 
540000 1 .30 0. 114 
900000 1 • 23 0.090 
1170000 1 • 20 0.079 
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Fig.4.19 Monotonic failure appearance of DX210, ±45° Type 2 carbon 
fibre composite tested in tension (the arrows indicate some of 
the surface cracks) 
, 
Fig.4 .20 Fatigue failure appearance of DX210, ±45° Type 2 carbon fibre 
composite tested at 1OHz and intermediate stress levels 
(80- 1 OOMPa maximum stress) 
Fig.4.20 
Fig.4.21 Fatigue failure appearance of DX210, ±45° Type 2 carbon 
fibre composite tested at 1Hz and 110MPa maximum stress 
Fig.4.21 
50mm 
Fig.4.22 Fatigue failure appearance of DX210, ±45° Type 2 carbon 
fibre composite tested at 10Hz and 110MPa maximum stress 
Fig.4.22 
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CHAPTER 5 
THE USE OF TUBULAR TEST SPECIMENS FOR MATERIAL CHARACTERISTICS 
OF FIBRE REINFORCED PLASTICS 
5.1 Introduction 
127 
The tubular test specimen offers advantages over other specimen 
designs for characterisation of fibre reinforced plastics. Particularly, 
it is suitable for use in three-dimensional stressing to evaluate material 
behaviour under combined axial, torsional and differential pressure 
loadings. However, as with all specimen designs, it is essential that 
stress and displacement distributions are predictable and reproducible 
within the tube walls and, if modulus determinations are to be made with 
any degree of confidence, that there must be a region of uniform stress 
and displacement for some distance along the length of the test-piece. 
This chapter reviews analyses which have been used to predict the 
behaviour of tubular specimens under the influence of simultaneous 
application of the three loadings mentioned above. The shell theory 
analysis used to calculate the displacements and stresses in a tube is 
also presented. 
5.2 A review of theoretical analyses of tubular specimens 
A number of workers have considered the problem of the analysis of 
a tubular specimen of fibre reinforced plastic specifically and others 
have dealt with the problem of tubes containing anisotropic materials in 
general. Dong, Pister and Taylor99 applied the theory of laminated 
anisotropic plates and shells to the special case of a tube. In their 
analysis they transformed the strain-displacement, equilibrium and com-
patibility equations of a plate to a cylindrical form and invoked Donnell's 
. . 1 00 . . h h . d . 1 d ｡ｰｰｲｯｸｾｭ｡ｴｾｯｮ＠ , ｾｮ＠ｷｨｾ｣＠ all c anges ｾｮ＠ curvature an ｴｷｾｳｴ＠ are neg ecte 
except second derivatives of the out-of-plane ､ｩｳｰｬ｡｣･ｭ･ｮｴｾ＠ Deriving 
equations relating laminate resultant stresses and bending moments to 
strain and curvature, and introducing an Airy stress function they 
obtained generalized Donnell cylindrical-shell equations. These equations 
indicate that coupling will be observed between membrane and bending 
effects in laminated anisotropic shells in the same way that Reissner and 
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101 Stavsky have shown for plates. Balanced laminations are therefore 
required in the tube wall of a test specimen but their solutions are 
general and apply to long structures not to a finite length of test-piece ｾ＠
To proceed further in assessing the suitability of the tube for 
simple determination of material properties it is necessary to consider 
under what conditions, if any, the stress or displacement distribution 
in the tube is uniform, or nearly so. A cylinder of composite will 
generally be axi-symmetric both in its properties and its loading, that is 
symmetry may be assumed about an axis on the centre-line of the tube. 
Particularly, this will be true for the case of a tube with uniform wall 
thickness .composed of material exhibiting orthotropy, transverse isotropy 
or multi-angled lay-ups which are balanced about the tube axis. 
7 Sherrer has shown that an infinite length ｦｩｬ｡ｭ･ｮｴｾｯｵｮ､＠ axi-
. b h d . 1 h. h . f h . 1 . b . . 1 02 ｳｹｭｭ･ｴｲｾ｣＠ tu e as 1sp acements w ｾ｣＠ sat1s y t e equ1 1 r1um equat1ons , 
the strain-displacement equations and the elastic stress-strain equations, 
and are dependent only on the radius and the axial distance from some 
arbitrary origin of coordinates. His displacements are: 
where U 
r 
is 
u = r 
ue = 
u = X 
the radial 
2 A3 -A AA
1
r + BA 2r + Cr +Dr 
3 
Brx + B1r 
Ax + Ao 
displacement, us is the rotational displacement 
about the axis and U is the axial displacement, Fig.S.l shows the 
X 
coordinate system. A0 and B1r represent rigid body translations and 
rotations respectively and can be set equal to zero, 
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where c. . are the elastic constants of the tube material when it has a 
1J 
single plane of symmetry. The suffices I, 2, 3 refer to the axial direc-
tion X , the tangential direction 8 , and the radial direction r of 
Fig.5.1 respectively. The c .. are, therefore, elastic constants of the 1J 
material in the tube's frame of axes, not the natural axes of the material. 
However if the expression for 
and if c 22 
u 
r 
4c 33 the expression becomes 
u 
r 
becomes 
-· 
If a tube wound with a single helix angle is used for material 
characterisation tensile tests the axial stress a is theoretically set 
X 
to some constant value 
be zero, i.e. 
and all the other stress components should 
and 
a 
r 
= 
a 
X 
T 
xr 
0 
Unfortunately this set of conditions violaJes the requirements of the 
compatibility equations. Pagano, Halpin and Whitney 103 have shown that 
one of the compatibility equations 
2 
2 a Er 
---
r aeax 
2 2 ayre a Yre 
---+ 
r ax arax 
where £ is a normal strain, and y a shear strain, cannot satisfy the 
stress field given above unless vanishes. This means that there 
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must be no coupling between the axial stress and the shear strain a 
X 
yxe , hence the coupling compliance s 16 must be equal to zero. In 
general this is unlikely. However Sherrer's equations for the stresses 
given by: 
0 c 1 l c12 c13 c16 A X 
ae c12 c22 c23 c26 u(r)/r 
= 
0 cl3 c23 c33 c36 au(r)/ar r 
-rex c16 c26 c36 c66 Br 
and 
T = = 0 
rx 
show a radial dependence and lead to essentially uniform stresses when the 
cylinder walls are thin and the tube long. There are four arbitrary 
constants (A, B, C and D) in these stress equations and thus they may be 
solved to satisfy the stress boundary conditions given above and yield the 
following strain field 
8 = 
X 
= 
= 
and 
8 
r 
0 
= 
Pagano et al. 103 have illustrated the effect of the shear coupling 
constant s16 by using model composites of nylon fibre reinforced rubber. 
They showed experimentally that helically-wound tubes can buckle under 
tensile loadings due to the shear stresses induced by the shear coupling 
when the ends of the tube are prevented from rotating. Solutions for the 
equations of Sherrer's stress field were also derived but, as the tube is 
regarded as being of infinite length, this solution gives no x-dependence 
of the displacements as would be expected in tubular test-pieces of 
finite length. 
Instead of using Sherrer's equations of displacement and stress dis-
.b . Wh. d H 1 . 104 ·1· d D p· d T 1 ' gg 11 ｴｲｾ＠ ｵｴｾｯｮ＠ ｾｴｮ･ｹ＠ an a ｰｾｮ＠ ｵｴｾ＠ ｾｺ･＠ ong, ｾｳｴ･ｲ＠ an ay or s sma 
deflection theory to derive equations for the stresses in long thin 
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laminated tubes. Whereas Sherrer's equations do show a radial dependence 
for the displacements these equations show neither radial nor axial 
deP,endence_. They relate the stresses in the tube wall for axial, torsional 
and differential pressure loadings on the tube to the elastic constants of 
the constituent material and are similar to the stress-strain relations 
for a plate. Once again these equations are suitable for long tubes only 
and are not appropriate for considering the effect of end constraint on a 
tube of relatively short length. 
If the boundary conditions are to be satisfied and the shear effects 
due to the coupling coefficient s16 are to be overcome in a real tubular 
specimen then considerable ingenuity is required in designing an end 
constraint which allows both free rotation and the correct amount of axial 
displacement within the end fixture 105 . Such end fittings are really not 
suitable for simple testing techniques involving fatigue machines - or for 
testing a single specimen in more than one test rig. Instead a practical 
alternative is to accept that ideal displacements in the tube will not be 
attained and to use a simple clamping system on the end of the test-piece 
such as a belled end and split collets with a clamping nut. Then a test 
rig is required which will allow rotation of one end of the specimen with 
a gauge length which gives reasonably uniform stresses in the centre. 
Sherrer's elasticity solution to the tubular specimen behaviour 
does not show any axial dependence as mentioned above. A more realistic 
and practical estimate of the behaviour of a specimen can be made using 
either shell theory analysis or by numerical methods such as finite element 
analysis. Greater numerical accuracy would be expected from finite element 
analysis but because of its simplicity a shell theory approach is probably ' 
more suitable when material characteristics are to be derived from the 
b 1 . I 06 tu u ar ｳｰ･｣ｾｭ･ｮ＠
A shell theory analysis has been used to estimate the stresses in 
single helically-wound tubular specimens under tensile and torsional 
loadings and is presented later. It is convenient to assume the tube is a 
thin-walled shell so that the radial dependence of the wall stresses can 
be ignored and all the stresses resolved to the wall centre. 
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P d ｗｨ ｾｴｮ･ｹ ＱＰＷ＠ have d h 11 th t d t · d' 1 agano an • use s e eory o e ･ｲｭｾｮ･＠ ｾｳｰ＠ ace-
ments in tubes and have used the force and moment resultants given below 
to estimate stresses and moments in a real specimen. 
where 
a2u 
M 
- D 11 
r 
= 
-2-
X ax 
a2u 
Me = - D 12 
__ r_ 
ax 
2 
a2u 
Mxe = - D 16 
r 
ax
2 
R(P a4u ) 
(5-1) 
Ne = 
- D 11 ax 4r 
Nxe 
_T_+ D 16 ｡ｾｲ＠
21TR2 R ax2 
a
3u 
Qx - D 11 
__ r_ 
ax
3 
M is a moment resultant 
a 
N is a force resultant 
a 
Qx is the shear resultant 
t/2 
D •• 
ｾｊ＠ I 
-t/2 
- 2 Q •• z dz 
ｾｊ＠
= 
t = tube thickness 
z 
Q •• 
ｾｊ＠
is a point within the tube thickness 
are the reduced elastic constants of the tube wall material 
transformed from the natural axes of the material into the 
axes of the tube. They are defined by the equations 108: 
.----- ----------------------
Q 11 
Q22 
Q12 
Q66 
Q16 
Q26 
where Q11 = 
Q22 = 
Q12 = 
Q66 
E 11 
E22 
Gl2 
"tz 
R 
p 
T 
4 2 2 4 
= Qllm + 2(Q12 + 2Q66)n m + Q22n 
4 
+ 2 (Q12 + 2 2 4 = Q11 n 2Q66 )n m + Q22m 
(Qll + Q22- 4Q66)n2m2 + Q12(n 4 + m4) 
2 2 4 + m4) = (Qll + Q22- 2Q12- 2Q66)n m + Q66(n 
3 
+ (Q12 - Q22 + 3 = (Qll- Ql2- 2Q66)nm 2Q66 )n m 
(Ql 1 3 (Ql2- Q22 + 2Q66 )nm 
3 
= 
- Q12 - 2Q66)n m + 
E II 
1 -
"t2"21 
- "12"21 
"21E11 "t2E22 
---------- = ----------
- "12"21 - "12"21 
G12 
is the longitudinal Young's modulus of the tube material 
is the transverse Young's modulus of the tube material 
is the shear modulus of the tube material 
and v21 are the major and minor Poisson's ratios 
is the mean tube radius 
is the pressure differential across the tube walls 
is the torque applied to the tube 
and the force resultant N is assumed to be constant. 
X 
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Using these equations they estimated the specimen dimensions 
required for the stress field due to end constraint conditions to approach 
the same form as obtained in the elasticity solution of a long tube, that 
is a radial dependence only, with a very slight axial variation. They 
showed that at certain angles of the fibre orientation the stress 
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distribution through the wall thickness is far from uniform and suggested 
that R/t ratios of 40:1 might be needed at certain orientations in CFRP. 
For hoop-windings and R/t = 20 the variation across the tube was less 
than 5%. The non-uniformity of stress was greatest at a winding angle of 
about 60° to the axis for hoop and shear stresses and 30° for the axial 
stresses. Their results indicate that decay of the stress field concen-
tration due to clamping occurs within about one tube diameter from the end. 
Similar behaviour is reported later. Comparing shell theory analysis with 
finite element analysis shows that although the two methods do not give 
identical results the shell theory nevertheless gives a very satisfactory 
. f b h . 109 est1mate o e av1our • 
Their analytical technique was to determine the distance over which 
the stresses in a semi-infinite tube to decay to values predicted by 
Sherrer's elasticity solution. Though suitable for long tubes their 
results may not necessarily be appropriate for short test-pieces which may 
have to be used to match existing test machines. The shell analysis of a 
tube presented in section 5.3 below is therefore based on specimens of 
finite length. 
f . . 1 1 . R . d V . . 1 06 , 1 1 0 h h From a 1n1te e ement ana ys1s 1zzo an 1car1o s ow t at at 
fibre helix angles of other than 0° and 90° the ratios length:diameter and 
thickness:diameter play a very significant role in the stress and displace-
ment fields of tubular specimens. In particular they show that Sherrer's 
solution applies to very thin tubes and is the upper bounding value for the 
stress. The variation of stress across the wall ｴｨｩ｣ｫｮｾｳｳ＠ at the centre 
of the tube is least for fibre helix angles of 0° and 90°, being constant 
for axial loadings and varying approximately 4 to 5% from the mid-plane 
value in shear for wall thickness to tube diameter ratios of 1 to 20. They 
defined a transition length ｾ＠ which gives an approximation to the 
t 
distance from the end of the tube which is required . for their idealized 
uniform boundary stress values to be transformed into a reasonably uniform 
stress distribution within the wall thickness. 
ｾｴ＠
r------------------------------- ---
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where R. the tube length 
D. = the tube internal diameter 1. 
t = wall thickness 
C and ｾ＠ are constants determined from the results of analyses 
for given composite and helix angle combinations. 
The influence of the ratio D.IR- on the stresses in the tube is 1. 
small when tiD. < 0.025 and a uniform stress distribution is obtained. 1. 
When tiD. ｾ＠ 0.050 the ratio D. I R- still has little influence on the 1. 1. 
stress when R. is greater than 2R.t but the stress distribution is no 
longer uniform. If tiD. > 0. 1 the stresses are not at all uniform and 1. 
depend on both tiD. and D. I R. . 1. 1. 
The finite element analysis has also been used to model the gripping 
• 106 110 
of tubular spec1.mens ' The stress concentrating effect at the 
grips in a single angle helically-wound tube is most severe when testing 
in torsion, but a model system shows that if the specimen is gripped by 
friction both internally and externally a lower stress concentration is 
found compared with tubes which are simply gripped externally by bonded 
tabs. 
5.3 A shell theory analysis of tubular helically-wound specimens 
Details of a shell theory analysis suitable for calculating the 
displacements and stresses in a tubular specimen are given in this section. 
A tubular specimen is assumed to be subjected to axi-symmetrical 
loadings of axial tension, torsion and pressure difference across the wall. 
The material of the tube has been assumed to be transversely isotropic, 
linearly elastic and symmetrically distributed around the tube axis. 
h "l 111 h • d . d" 1 . f h' Novos 1. ov as der1.ve stra1.n- 1.sp acement equat1.ons or t 1.n 
shells which take the following form when applied to a tube: 
E = X 
£6 = 
E = x6 
au 
X 
ax 
u 
r 
R 
au8 
ax 
K = 
X 
0 
where E represents an in-plane strain and K a bending or twisting 
curvature. ue is not a true tensorial displacement but is given by 
136 
u6 = Rd6 where R is the tube radius and d6 the angular rotation about 
its axis. The requirement that axi-symmetry is preserved means that all 
equations contain no angular dependence. 
The following equilibrium equations must be satisfied: 
aN 
X 
= 
ax 
aN 8 Qe 
_x_+ 
= 
ax R 
aQx Ne 
p 
----+ ax R 
0 
0 
0 
aMxe 
---ax 
aM 
X 
ax 
T 
21TR 
Qe 0 
Qx = 0 
(an explanation of the symbols is given after equation (5-l) above). 
The force and moment resultants are related to the strains and 
bending curvatures by the tensor equation: 
t/2 
where A •• = J Q .. dz ｾｊ＠ ｾｊ＠
-t/2 
t/2 
and D •• J 
- 2 (see equation (5-1)) • = Q .. z dz 
ｾｊ＠ ｾｊ＠
-t/2 
(5-2) 
To determine the behaviour of a specimen the variation of one of 
the displacements with position in the tube is required. The assumptions 
of shell theory are that the shell thickness is small and insignificant in 
the discussion of the behaviour, thus although the radial displacement 
U , of the shell as a whole, has significance, the radial stresses·and 
r 
.------------------------------ ---
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strains in the wall are not considered. It is convenient to determine the 
response of a tube to imposed loadings by finding an equation for U 
r 
which is dependent solely on the axial position x . The origin of the 
coordinates is assumed to be in the centre of the tube at one end, Fig.5.1. 
Firstly the following equation can be derived from the equilibrium 
equations and it forms the principal equation from which an expression for 
U can be obtained: 
r 
(5-3) 
Assuming that N is independent of x and rearranging the expres-
x 
sian for N from equations (5-2) yields 
X 
au 8 N A 1 1 au x A 1 2 u r X 
= 
Al6 - Al6 ax-- Al6 R ax 
and equations (5-2) also give 
au u 
Ne A12 __!. + 
r 
A26 = A22 R + ax 
which on substitution of equation (5-4) gives 
au8 
a;z-
= ( 
A ) au ( A ) U A A -A _L!_ ｾＫａ＠ -A ｾ｟ＡＮＮＫ｟｟ｬｩｎ＠12 26 A16 ax 22 26 A16 R A16 x 
(5-4) 
To proceed further a relation between U and U is required 
x r 
which can be obtained from the equation for torsional equilibrium: 
T 2iTR = 
Substituting for Nxe and Mxe from equations (5-2) and using 
equation (5-4) gives the following expression 
T 
21TR 
au u ｡ｾ＠
= c 1 --..!.+c -!.+eN -n 16 --f-ax 2 R 3 X ax 
All D 66All 
where Cl = RA16 - RA66 A16 - RA16 
A12 D66A12 
C2 = RA26 - RA66 A16 - RA26 
and hence the desired relation between U and U 
x r 
au 
X 
ax 
N8 may now be expressed in terms of Ur only 
where 
M must also be expressed in terms of U 
x r 
Equations (5-2) give 
Substituting equation (5-5) into equation (5-4) gives u8 
u 
r 
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(5-5) 
(5-6) 
(5-7) 
in terms of 
(5-8) 
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Equation (5-8) can be substituted into equation (5-7) and when M 
X 
is differentiated twice with respect to x the principal equation (5-3) 
becomes: 
where the constants f. are defined by 
ｾ＠
1 (B2 - B C2) R2 1 c3 
p -
B
1
T (26 C3) Nx 
2 - A16 - Bl c; R 
27TR C l 
(5-9) 
This fourth order differential equation can be solved to give roots from 
which values for U can be computed. 
r 
u 
r 
One form of the solution of equation (5-9) is an exponential function 
Aemx where m will, in general, be complex, i.e. m = a + ib . 
Substituting this exponential and solving the complementary equation leads 
to a solution of the form: 
U = X(l)eax cos bx + X(2)eax sin bx + X(3)e-ax cos bx 
r 
f4 
+ X(4)e-ax sin bx + 
f3 
(5-10) 
X(i) are constants which are determined from the boundary conditions, 
which in this case are taken to be: 
140 
u = 0 at x ::::: 0 and x ::::: L 
r 
au 
__£ 
= 0 ax at x = 0 and x = L 
where L is the tube length. These conditions provide a matrix equation 
for X(i) • 
where 
L . 
Integration of equation (5-5) yields an expression for u 
X 
and are arbitrary positions on the tube between 0 and 
Similarly integration of equation (5-8) yields an equation for U6 • 
Once expressions have been obtained for the displacements the moment 
resultants (or line moments) can be found from equations (5-·2) 
｡ｾ＠ D16 au6 M 
- D 11 
__ r_ + 
X ax2 R ax 
｡ｾ＠ n26 aue 
Me = - D 12 __ r_ + Ra;z-
ax2 
｡ｾ＠ n66 au6 D __ r_ + 
- 16 dX2 Ｍ｡Ｍｾ＠
The force resultants (or line stresses) may be obtained from the 
equilibrium equations: 
Ne = ｒＨＺｾｸ＠ + p) 
Nxe = ｾ＠ (z;R -Mxe) 
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5.4 Results of the shell theory analysis 
A computer program Cl2D has been written to calculate the displace-
ments and the force and moment resultants. Details can be obtained from 
the author on request. 
For convenience the output of the program has been presented in 
graphical form for five helix angles, 5°, 30°, 45°, 60° and 85° at 51 
points along the length of a tube. Graphs of the radial displacement 
ｾｲＩＧ＠ the axial displacement (Ux) and the angular rotation (U6/R) have 
been obtained as well as the tangential line stress (N8 ), the shear 
stress (N 6 ) and the axial, tangential and shearing line moments M , X X 
M8 , and Mxe • These are presented in groups of three showing the 
response to torsion, tension and combined tensile and torsional loadings. 
The following data were used in the calculations: 
composite longitudinal modulus 
composite transverse modulus 
composite shear modulus 
composite Poisson's ratio 
composite Poisson's ratio 
tube thickness 
tube radius 
applied loads 
Ell 
E22 
G12 
\)12 
"2 1 
t 
R 
torque 
tension 
= 
= 
= 
= 
1 • 7 2 x 10 11MPa 
7.6 x t09MPa 
5.5 x t09MPa 
0.32 
0.014 
0.00125m 
= 0.02585m 
= 200Nm 
15000N 
The calculations using combined loadings also used the same values 
of torque and tensile loads as given above. 
The thickness/diameter ratio was 0.024 which should make the tube 
behaviour approximately independent of the length/diameter ratio once the 
end effects have reduced to constant displacements. 
The characters used by the graph plotter to identify each curve were: 
= 
50 helix graph 
6 = 30° " " 
9 = 45° " II 
< = 60° " II 
= 85° II " 
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The shell analysis gave the following results for tubular, single 
helix-wound CFRP specimens. 
Figs.5.2a, band c show that the radial displacement is essentially 
constant for the centre 40mm of the tube size used in the calculation and 
in the case of the 85° helix it is constant for almost all the length. 
The axial displacement changes at a constant rate over the whole length of 
the tube under any loading condition and angle of helix, Figs.5.3a, b and 
c, indicate that the axial strain (aUx/ax) is a constant. Under torsional 
and tensile loadings the incremental angular rotation (8U 8/8x) is constant 
for 5° and 85° helices and is almost constant for other angles except at 
the tube ends, see Figs.5.4a and b. However, under combined torsional 
and tensile loading, Fig.5.4c shows that the non-linearity of the 30°, 
45° and 60° helices at the tube ends is a little more marked. 
Figs.5.5a, band c and Figs.5.6a, band c show that the tangential 
and shear stresses in the tube become uniform within a distance of about 
one diameter from the tube end, but for 5° and 85° helices uniform 
stresses are reached more rapidly even though the total change in magnitude 
of the tangential line stress is greatest for 85°. 
Figs.5.7a, band c; Figs.5.8a, b and c, and Figs.5.9a, band c 
indicate that the bending moments also become reasonably uniform within 
about one diameter's length of the tube end. Tubes of 5° and 85° helices 
show greater uniformity over the whole tube length than other angles. 
5.5 ｓｵｾ｡ｲｹ＠
Within the limits of linear elasticity, which was assumed in the 
shell theory analysis, tubular CFRP specimens do yield uniform stress 
distributions away from the ends of the tube and so may be used to 
characterise the material. In particular hoop-wound or axially oriented 
fibres generally give a very uniform stress and displacement distribution 
within the major part of the specimen and can be used for combined loading 
experiments. Their use in monotonic and fatigue tests on CFRP are 
described in chapter 6. 
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CHAPTER 6 
TRANSVERSE AND SHEAR LOADINGS·· IN HOOP-WOUND CFRP TUBES 
6.1 Introduction 
The model systems discussed in chapter 2 show how transverse and 
shear properties of CFRP depend on both the matrix and the resin-fibre 
interface so that a change in one property may well affect the other. 
168 
The interaction between them can be investigated using ｨｯｯｰｾｯｵｮ､＠ tubular 
test-pieces. Chapter 5 shows that these test-pieces are satisfactory in 
theory. Their practical use is considered hereo 
Transverse properties and torsional shear strengths have been deter-
mined along with their respective moduli. The effect of cyclic loading on 
the elastic properties was measured and the fatigue behaviour is reported. 
Two specimen sizes were used, details are given in Fig.6.1. 
Specimen numbers containing the letter A have a wall thickness of 2.5mm 
whereas ones containing the letter B are only 1.25mm thick. Hoop-wound 
tubes are expensive to manufacture so only a limited number of specimens 
were made. Of necessity, therefore, some of the test data is somewhat 
restricted. 
Details of the materials used are given in Appendix I, material G 
and the winding method is described in Appendix 3. A special combined 
loading rig was made to load the tubes. This was used ｷｩｾｨ＠ an extenso-
meter which measures simultaneous ｾｸｩ｡ｬ＠ and torsional displacements. 
Details of both are given in Appendix 4. 
Preliminary monotonic experiments showed creep under shear loadings. 
Consequently combined loading strength tests were not attempted because 
repeatable loading·rates cannot be achieved with the hand operated loading 
rig. 
6.2 The effect of winding tension on the tube properties 
Fibre tension determines the laminate consolidation in filament 
winding. The greater the tension the better the consolidation and the 
higher the fibre content but, on the other hand, fibre damage and breakage 
are more likely. In practice a compromise is sought between the two. 
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Six tubes, numbers lA to 6A, were wound with tow tensions of 2.5, 
4.2, 5, 6.7, 8.3 and 9.4N respectively. Their shear and transverse moduli 
together with the fibre fraction are given below. 
Shear modulus Transverse tensile Fibre weight Tube number modulus fraction 
GPa GPa % 
lA 3.49 7.03 48.5 
2A 3 .19 5.84 47.3 
3A 3.45 - 49.7 
4A 3.80 6.47 53.2 
SA 3.78 7. 10 54.1 
6A 3.62 6.77 56.2 
These data confirm that fibre content increases with winding tension. 
The shear modulus also tends to be higher with the larger fibre contents. 
By contrast the transverse tensile modulus is very variable and bears no 
definite relation to fibre fraction. 
After these tests the tension was standardised to 8.3N ·as this gave 
good composite properties and an acceptable appearance after machining. 
6.3 Monotonic strength tests 
6.3.1 Axial strength tests 
Three monotonic tensile tests and three compression tests were made 
to assess the strength of the tubes. They were tested in the 'as received 
condition' on return from RAE Main Workshops where they had been machined 
with a carbide tipped tool on a cam-following lathe. Testing was carried 
out in the Mayes fatigue machine using the attachments shown in Fig.6.2. 
The results were: 
Tensile strengths: 
tube number 7 A 
8A 
12A 
average 
Compressive strengths: 
tube number 16A 
17A 
18A 
average 
26.73MPa 
29.34MPa 
28.44MPa 
28.17MPa 
-178 .3MPa 
-168. 7MPa 
-173 .8MPa 
-173 .6MPa 
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These strengths were encouraging and indicated both a satisfactory 
winding and machining technique. 
A further two specimens were tested in compression after some cyclic 
compressive loadings*. Their residual strengths were; 
tube number 13A 
14A 
average 
-168.6MPa 
-166.8MPa 
-167. 7MPa 
These suggested little damage had been caused by the dynamic 
loadings. 
6.3.2 Torsional shear strength tests 
Torsional shear strength tests were made, some in 'the combined 
loading rig, others in the Mayes fatigue machine using the torsion attach-
ment shown in Fig.6.3. The strengths were; 
In the combined loading rig 
tube number 25B 
26B 
average 
In the Mayes fatigue machine 
tube number 21 B 
22B 
23B 
24B 
29B 
63B 
average 
(excluding 
23B) 
53.27MPa 
76.24MPa 
64.75MPa 
72 .4MPa 
74 .3MPa 
26. 7MPa 
70.8MPa 
76. IMPa 
50 .2MPa 
68. 76MPa 
At the time of testin& tube 23B was thought to be a rogue weak 
specimen and no significance was placed on its results other than to warn 
that variability might be expected. 
6.4 Transverse and shear modulus determinations 
Transverse and shear modulus determinations have been made on many 
tubes before they were used for other purposes. Fibre weight fractions 
were determined on completion of the testing. The overall scatter in the 
results was quite high but there were no obvious rogue specimens. 
* See section 6.6. 
Values of transverse tensile modulus were; 
Transverse tensile Fibre weight 
Specimen number modulus fraction 
GPa % 
7A 6.66 
SA 7. 12 52.0 
9A 7.67 56.3 
lOA 7.21 57.2 
IIA 8.04 55.2 
12A 7.71 57 .1 
13A 7.32 52.1 
14A 7.59 
28B 8.54 58.0 
30B 8.40 59.0 
31B 8.02 55. 1 
SOB 7.84 56.6 
Average value 7.68GPa 
The average value of the thin specimens was 8.2GPa against 
7.41GPa for the thicker specimens. 
Transverse compressive moduli were also measured; 
Transverse compressive Fibre weight 
Specimen number modulus fraction 
GPa % 
13A 7 .52 52. I 
14A 7.68 
16A 8.28 56.2 
17A 7.70 53.9 
18A 8.23 52.8 
Average value 7.88GPa 
17 1 
It will be noticed that the average transverse compressive modulus 
of 7.88GPa is higher than the tensile modulus of 7.41GPa for similar 
17 2 
specimens. In particular, specimens on which both measurements were made 
gave higher compressive than tensile moduli. 
The shear modulus values are given below; 
Shear modulus Fibre weight Specimen number fraction 
GPa % 
9A 4 .o 1 56.3 
I lA 4.07 55.2 
12A 4.26 57. 1 
13A 3.76 52. 1 
14A 3.71 
21B 3.91 56.3 
22B 3.82 54.2 
23B 4.58 58.5 
24B 4.69 
28B 4.05 58.0 
29B 4.53 58 .o 
60B 4.08 55.7 
65B 4 .to 57.4 
Average value 4. 12GPa 
Again wall thickness affected the result. The thinner specimens 
had an average value of 4.22GPa compared with 3.96GPa for the thicker 
tubes. 
As mentioned in Appendix 3, the fibre density is higher at the 
inner tube surface. Thus thin tubes would be stiffer as a larger 
fraction of the cross-section has a high fibre content. 
The transverse tensile modulus was almost linear to failure. Its 
value dropping only slightly at stresses close to the ultimate strength. 
In contrast the shear modulus was only linear for stresses up to about 
one third of ultimate. Beyond this point creep set in. 
6.5 Modulus and strength tests on the bulk matrix resin 
6.5.1 The shear and tensile moduli of the matrix resin 
Tensile modulus measurements were made on flat sheets of cast resin 
and on cast tubular specimens. The flat specimens were 230mm long, with 
173 
170mm between the grips, 40mm wide and 3mm thick. The Mayes 50mm extenso-
meter (see Appendix 4) was used to measure strains. The tubular specimens 
were generally sirndlar in shape to the filament wound test-pieces but they 
had a wall thickness of 2.2mm instead of 2.5mm. The RAE extensometer 
described in Appendix 4 was used with the tubes. 
Both specimen types were tested in the Mayes ·servohydraulic fatigue 
machine and the results obtained are given below: 
Tensile modulus 
(a) Flat specimens 
Specimen number 
AS 
A6 
Bl 
B3 
(b) Tubular specimens 
Specimen number 
Shear modulus 
1 
2 
(a) Tubular specimens 
Specimen number 
4 
5 
Tensile modulus 
GPa 
3.52 
3.60 
3.53 
3.65 
average 3.57 
Tensile modulus 
GPa 
3.50 
3.44 
average 3.47 
Shear modulus 
GPa 
1.36 
1.29 
average 1. 32 
The values within any one group are very consistent. The slight 
difference between the flat sheet and the tubular specimens may be due 
to differences in the curing schedule used since the two specimen types 
were made in different laboratories. 
An estimate of Poisson's ratio can be made from the equation 
E 
\) = 2G 
if the shear and tensile moduli, measured on the tubular specimens, are 
used and the resin is assumed isotropic. This gives the value 
\) = 0.31 
6.5.2 The shear and tensile strengths of the matrix resin 
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The same specimen shapes were used to determine the strength of the 
resin as used in section 6.5.1 above to determine the resin elastic 
properties. Clearly such constant cross-section specimens are not ideal 
for strength measurements. A waisted region where the stress is constant 
is theoretically preferable but gives rise to practical difficulties. 
The additional machining needed to make a waist would introduce micro-
cracks at the surface and these would initiate premature failure. For 
this reason no changes in shape were made and the following results were 
obtained. 
Tensile strength 
(a) Flat specimens 
Specimen number 
AI 
A3 
AS 
A6 
Bl 
B3· 
(b) Tubular specimens 
Specimen number 
1 
2 
Tensile strength 
MPa 
26 
40.8 
34.8 
34.7 
41 .6 
36.5 
average 35.7 
Tensile strength 
MPa 
36 
69.7 
average 52.86 
Shear strength 
Tubular specimens 
Specimen number 
4 
5 
Shear strength 
MPa 
35.59 
35.87 
average 35.73 
The flat tensile specimens all failed at the end in the grips 
suggesting that the strength value obtained with them may be an under-
estimate. 
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At failure the tubular specimens totally disintegrated making 
accurate assessment of the failure surface an impossible task. However, 
in tube 1, a small bubble was found at a fracture surface in one fragment 
which may account for its low strength. The correlation between the 
tensile strength of tube 2, which was 69.7MPa and the shear strengths of 
tubes 4 and 5, which were half 'this value at an average of 35.7MPa, 
strongly suggests that tensile failure may be caused by a shear fracture on 
a 45° plane. 
6.6 Cyclic loadings on hoop-wound tubes 
6.6.1 The effect of cyclic transverse loadings on the transverse 
and shear moduli 
A number of specimens were subjected to cyclic transverse loadings 
to investigate their effect on the transverse and shear moduli. 
Two tubes were subjected to zero-tension fatigue stresses of 0 to 
14MPa. The results they gave were: 
Transverse tensile modulus after cycling for: 
Tube 
number 0 cycles to3 cycles 104 cycles 105 cycles 106 cycles 
GPa GPa GPa GPa GPa 
lOA 7.21 7.32 7.36 7.46 7.28 
llA 8.04 7.99 7.85 
Another pair of tubes were subjected to zero-compression cyclic 
stresses of 0 to 74MPa. Their moduli measured at intervals were; 
Transverse modulus after cycling for: 
Tube 
number 0 cycles to5 cycles 106 cycles 5 • 124 X 106 cycles 
GPa GPa GPa GPa 
13A 7.32 (T) 7.29 (T) 
7.52 (C) 7.44 (C) 
14B 7.59 (T) 7.52 (T) 7.49 (T) 7.29 (T) 
7.68 (C) 7.65 (C) 7.68 (C) 7.56 (C) 
(T) designates transverse tensile modulus 
(C) designates transverse compressive modulus 
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In addition to these experiments tube number SOB was cycled in zero-
tension from 0 to 20MPa for 90000 cycles. Its transverse tensile modulus 
was 7.84GPa initially and 7.82GPa after cycling. 
These experiments have shown that cyclic transverse loadings have 
little effect on modulus though there is a trend to slightly lower values 
with increased cycling times. 
The shear modulus was also measured before and after the cyclic 
transverse stressing described above. The data obtained were; 
Shear modulus after transverse cycling for: 
Tube 
103 104 105 106 5 • 124 X number 0 
106 cycles cycles cycles cycles cycles cycles 
GPa GPa GPa GPa GPa GPa 
11A 4.07 3.98 4.02 
13A 3.76 3.71 
14A 3.71 3.53 3.71 3.60 
Once again cyclic loadings had little effect on the modulus. 
.----------------------·-. .. . - ... .. 
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6.6.2 The effect of transverse compressive fatigue on the combined 
loading response of the tubes 
Preliminary experiments on tubes lA to 6A had shown that combined 
ｴｲ｡ｾｳｶ･ｲｳ･＠ and shear loadings had negligible effect on the stress-strain 
response of the tubes. 
The effect of cyclic loadings on the combined loading response was 
also investigated. Transverse compressive stresses of 0 to 74MPa were 
chosen for these tests because the material is stronger in this mode of 
loading and would be subjected to greater strains and possibly more damage. 
To measure the modulus the tubes were subjected to a constant stress 
in one mode and then loaded monotonically in the .other. The results 
obtained for the tensile and compressive moduli under torsional loadings 
were; 
Axial modulus under 
Tube Number of torsional stress of: 
number compressive 
cycles OMPa 9.6MPa 
GPa GPa 
13A 106 6.87 (T) 7.02 (T) 
6.93 (C) 7.02 (C) 
14A 106 7.54 (T) 7.57 (T) 
7.45 (C) 7.30 (C) 
14A 5 • 124 X 106 7.48 (T) 7.45 (T) 
7.39 (C) 7.30 (C) 
(T) means tensile modulus 
(C) means compressive modulus 
The results for shear modulus under tensile and compressive loadings 
were; 
------------ ··------
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Torsional modulus under axial stress of: 
Tube Number of Tension Compression 
number compressive OMPa 
cycles 6.2MPa 12.4MPa -6. 2MPa -12.4MPa 
GPa GPa GPa GPa GPa 
13A 106 3.78 3.73 3.69 3.77 3.82 
14A 106 3.67 3.67 3.62 3.71 3.75 
14A 5 • 124 X 106 3.60 3.55 3.52 3.62 3.62 
These results show that the tube stiffness under combined loadings 
ｾ｡ｳ＠ relatively unaffected by compressive fatigue loading. However there 
was a slight tendency for the shear modulus to be reduced under transverse 
tensile loading and for it to increase a little under transverse compressive 
stresses. In practical terms the effect was negligible. 
6.6.3 Torsional shear fatigue tests 
Torsional shear fatigue stresses were imposed on some tubes with the 
intention of assessing the effect of damage on the shear and transverse 
strengths. Unfortunately the lifetimes were very variable and the 
programme could not be completed. 
The hoop-wound specimen will break as soon as a crack runs across 
the complete wall thickness. As a result a fatigue test was nothing more 
than a measure of the number of cycles to propagate a crack. 
The lifetimes obtained were: 
Shear fatigue 
Tube stresses Lifetime 
number Minimum Maximum 
MPa MPa cycles 
60B 7.9 63.6 9 490 
57B 7.7 54.0 17 160 
62B 7.8 54.5 390 
45B 7.8 54.5 28 040 
40B 7.6 53.6 311 770 
58B failed immediately on 1st 
/ cycle I I 
All these tests were made at a speed of 4Hz. 
i 
-· I 
6.6.4 Ａｲｾｮｳｶ･ｲｳ･＠ tensile fatigue tests 
Transverse tensile fatigue tests were made with the object of 
investigating the effect of fatigue damage on the transverse and shear 
strengths. Once again high variability prevented the programme being 
completed. 
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A zero-tension loading of 0 to 20MPa was used so that fatigue 
failures were obtained in a reasonable time. All the tests were made at 
ＱＰＱｾＮ＠ The tubes were used just as they were returned from Main Workshops. 
No further preparation of the surface was made. 
The results in chronological order were; 
Tube Lifetime in 
number cycles 
ISA 100 800 
27B 118 200 
30B 251 200 
Specimens were then fatigued to 90000 cycles and residual strengths 
measured to assess damage. 
Tube Number of cycles sustained Residual strength 
number 
31B failed on loading to maximum stress 
SOB 90000 45.3MPa 
36B 90000 37.8 
Further tests were made to obtain more data on residual strength and 
secondary damage but unfortunately no other specimen survived the 
90000 cycles set as the limit before further testing. The lifetimes 
obtained were; 
--- _____ _____ _] 
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Tube Lifetime in cycles 
number 
34B 18420 
39B 27480 
SSB failed innnediately 
41B 5200 
53B failed innnediately 
44B 88900 
66B <100 
This poor performance was disappointing. However, as mentioned in 
the previous section a single crack is sufficient to ·cause failure. The 
lifetimes recorded above therefore give an indication of the number of 
cycles required to propagate a crack through the test-piece wall. 
A number of tubes were sectioned and viewed under the microscope. 
Occasionally cracks were found close to or even at the outer surface. 
Fig.6.4 is a typical example. 
These cracks are caused by the machining which forms the test-piece. 
Cure shrinkage would give cracks throughout the specimen not just at the 
outer surface. 
6.7 The effect of surface polishing 
Following the discovery of machining cracks at the tube surface all 
the remaining tubes were abraided with 600 grade wet and dry paper. This 
removed some of the cracks which were close to the surface and polished the 
specimens. 
Monotonic transverse tensile and shear strength tests were made and 
further zero tension fatigue tests were performed. 
The transverse tensile strengths were; 
tube number 33B 
46B 
47B 
49B 
average 
average t 
excluding 
33B 
15 .9MPa 
34.0MPa 
32.8MPa 
40.3MPa 
30.75MPa 
35. 7MPa 
.------------------------------- ----- ------- -
The shear strength values were; 
tube number 67B 
68B 
69B 
average 
47.2MPa 
55 .3MPa 
70.0MPa 
57.5MPa 
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The polishing appears to have increased the transverse tensile 
strength but to have decreased the shear strength. It is possible that 
all the surface cracks were not eliminated in the shear specimens. 
The lifetimes in zero-tension fatigue tests are given below; 
Tube Fatigue stress range Lifetime 
number MPa cycles 
42B 0-20 223 500 
43B 0-20 343 700 
SIB 0-20 747 200 
52B failed on lst cycle 
48B 0-20 35 600 
19B 0-20 1 400 
These results are an improvement on the values recorded in section 
6.5.4 but they still show high variability which makes damage investiga-
tion a pointless exercise. 
6.8 Creep under cyclic loading 
6.8.1 Creep of the composite 
In chapter 4 the static creep behaviour of ±45° CFRP was compared 
with fatigue induced creep. Similarities were observed between the two. 
But, in chapter 3, it was noted that no creep was found during cyclic 
loading of unidirectional 0° laminates. The effect must, therefore, 
be a characteristic of the resin or resin-fibre interface so evidence of 
similar behaviour was sought from the hoop-wound tubes. 
During transverse tensile loadings no noticeable creep was observed 
and the monotonic and dynamic moduli remained constant throughout the 
tests. 
In contrast cyclic shear stresses did cause creep. ｕｮｦｯｲｴｵｮ｡ｾ･ｬｹ＠
the ram displacement was not linear with the shear strain so the creep 
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strains have not been recorded here. Also a short time was required to 
adjust the test machine to the correct load and this occurred during the 
period of rapid creep. Nevertheless the overall effect was very similar 
to Fig.4.12. First there was rapid creep similar to that up to point B, 
Fig.4.12. This was followed by a long steady plateau up to a position 
equivalent to point D. Here the similarity ends. Failure of the tubes 
was fast and unexpected. No discernable change in displacement heralded 
failure as it did with angle-plied material. 
6.8.2 Creep of the resin matrix 
The work of the last section suggested that fatigue induced creep 
only occurred when shear stresses were applied to the composite. However, 
it was not clear whether the mechanism for the creep was slippage at the 
interface or a property of the bulk resin. Dynamic cyclic loadings were 
therefore applied to both flat sheet and tubular specimens to see whether 
the effect occurs in bulk resin. 
Zero-tension tests, from 0 to 20MPa, were made on both flat specimens 
and one tube. Both showed fatigue induced creep in exactly the same way as 
hoop-wound tubular specimens tested in torsion. That is there was an 
initial fast primary creep followed by a much slower secondary creep. 
Failure was sudden without any increase in the creep rate. 
One tube was subjected to fluctuating shear stresses from a minimum 
of 3MPa to a maximum of 25MPa. In this mode of loading exactly the same 
creep behaviour was observed as in zero-tension loading described above. 
6.9 The failure appearance of hoop-wpund tubes 
6.9.1 Tensile failures 
The appearance of monotonic and fatigue tensile failures was very 
similar. Indeed it was impossible to distinguish between them. Also, it 
was impossible to determine exactly where the failure began. 
The fracture was a clean break through the tube wall perpendicular 
to the axis. Fig.6.5 shows this clearly (the sloping break on the unwound 
piece of tube in this and subsequent photographs was made by the tin-snips 
which were used to cut the broken tube into two pieces). Once failure had 
occurred the tube always unwound like a spring, it never separated into 
two parts. 
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There was little sign of any damage at the fractured surface other 
than the single failure crack. Fig.6.6 is a micrograph of a typical 
cross-section at the failure surface. There are machining cracks at the 
outer surface which probably caused this specimen to fracture. 
6.9.2 Compression failures 
Monotonic compression tests only were made. These had a very 
characteristic inclined fracture surface like the tube in Fig.6.7. 
Fig.6.8 shows that of the cross-section more clearly. 
Obviously transverse compressive fractures are dominated by shear. 
This is amplified by the fact that the maximum shear stresses in the 
compressive specimens are about 87MPa at failure which is of a similar 
magnitude to some of the shear strength values obtained from torsional 
tests. 
6.9.3 Shear failures 
Monotonic and fatigue failures in torsional shear had a ｳｾｩｬ｡ｲ＠
appearance to tensile failures. The break was perpendicular straight 
through the tube wall, Fig.6.9. 
Fig.6.10 shows a monotonic torsion failure and once again machining 
cracks are evident close to the failure surface. The fatigue failure of 
Fig.6.11 is an extremely clean break with no sign of damage except the 
single fracture surface. 
6.9.4 The appearance of weak specimens 
Occasionally weak tensile and shear specimens failed not with the 
clean perpendicular break described above but with long sloping fracture 
surfaces. Fig.6 . 12 is a good example. 
A cross-section of this same failure shows no obvious reason for its 
shape, Fig.6.13. It might be caused by an area with a high void content 
or possibly by fibre which had been poorly surface treated and had not 
bonded well to the resin. The exact reason is a matter for speculation at 
present though its shape does suggest a poor shear strength. 
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6.9.5 Cracks formed in the composite 
Fig.6.14 shows the formation of cracks in a compressive specimen. 
Like the ±45° specimens of chapter 4 this crack, which is almost certainly 
a shear crack, is forming at the fibre resin interface. It is not the 
bulk resin which is failing. 
6.10 Summary 
Experiments on hoop-wound tubes have established the following points. 
(1) Winding tension controls the average fibre content in the composite. 
(2) Conventional machining techniques leave surface cracks in the 
material which can reduce the monotonic and fatigue strength. 
(3) When surface cracks are absent reproducible monotonic data can be 
obtained. 
(4) The mutual interaction of transverse and shear moduli is slight. 
ｾ＠(5) TransverseAcompressive fatigue loading have negligible effect on the 
shear and transverse modulio 
(6) Transverse and shear fatigue tests with hoop-wound tubes give an 
estimate of the number of cycles required to propagate a crack through 
the tube wall. This number is a highly variable quantity. 
(7) Fatigue induced creep occurs under shear loading but not under trans-
verse tensile loading of the composite. 
(8) Fatigue induced creep is observed in the bulk resin when it is 
subjected to tensile or shear loadings. 
(9) The failure appearance of shear and transverse tensile specimens were 
similar being a clean break through the tube wall. Transverse compressive 
failures showed the typical sloping fracture of a shear failure. 
(10) The effect of surface polishing is to improve the zero-tension 
fatigue resistance but without eliminating the high variability. It 
increases the transverse tensile strength but appears to decrease the 
shear strength somewhat. 
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Fig.6.2 
Fig.6.2 Axial testing attachments for the Mayes fatigue machine 
Fig .6. 3 
Fig.6.3 Torsion testing attachment for the Mayes fatigue machine 
Fig.6.4 A sub-surface crack at the outer surface of a hoop-wound 
CFRP tube after machining (magnification x290) 
F i g s .6. 4 &6. 5 
Fig.6.5 The appearance of a tensile failure in a hoop-wound CFRP tube 
Fig.6.6 A cross-section through a tensile fatigue failure of a hoop-wound 
CFRP tube 
Fig.6.7 The appearance of compressive failure in a hoop-wound 
CFRP tube 
Figs.6.6&6.7 
Fig.6.8 A cross-section of a monotonic compressive failure of a 
hoop-wound CFRP tube 
Fig.6.9 The appearance of a shear failure in a hoop-wound 
CFRP tube 
F i g s .6. 8 &6. 9 
Figs.6.10 &6.11 
Fig.6.10 A cross-section through a monotonic torsional shear 
failure in a hoop-wound CFRP tube 
Fig.6.11 A cross-section through a fatigue torsional shear 
failure in a hoop-wound CFRP tube 
Fig.6.12 The sloping appearance of a failure in a weak 
hoop-wound CFRP tube 
Fig .6 .12 
Fig.6.13 A cross-section through the sloping failure of a 
weak hoop-wound CFRP tube 
Fig .6.13 
Fig.6.14 Crack initiation during a monotonic compressive test of a 
hoop-wound CFRP specimen (magnification approx. x1000) 
Fig .6 .14 
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CHAPTER 7 
DISCUSSION 
7.1 Introduction 
Summaries of the major findings have already been given at the end 
of each ｣ｨ｡ｰｴ･ｲｾ＠ In this chapter a number of general topics are discussed 
briefly and the overall conclusions are given in chapter 8. 
7.2 Fatigue of unidirectional CFRP 
A model of the fatigue failure of CFRP is proposed based on the 
data of chapter 3 and additional published material. 
Recently Fuwa et al. 1 12 have reported acoustic emissions from CFRP 
as fibres break under the action of cyclic loadings. They found that 
after a few cycles emissions cease suggesting little further fibre damage 
will occur. This leads to a prediction of long, if not unlimited fatigue 
lifetimes. However, two questions remain. Why do fatigue failures still 
occur at long lifetimes and why are the fatigue failure stresses similar 
for all three types of fibre? 
An explanation can be given to the first question. The second is 
still not satisfactorily answered. 
A convenient starting point for discussion is the increase in 
strength of CFRP when subjected to repeated loadings. This occurred when 
the fibre variability was high. 
Three mechanisms can be postulated to explain the increase. They 
are: (i) fibre strengthening, (ii) fibre realignment under the action of 
repeated loading, (iii) fibre breakage leading to stronger remnants. 
These are discussed in turn. 
113 Dergunov et al. reported an increase in fibre strength after 
3 4 
about 10 cycles of fatigue loading. At 10 cycles the strength had 
returned to the initial value. Thus, strength increases due to coaxing 
ought to occur early in the fatigue lifetime. This is contrary to the 
results of chapter 3. 
34 Fuwa et al. suggested that fatigue induced creep leads to a · 
higher modulus and cited Dobson's creep theories of CFRP55 as evidence 
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of the mechanism. An increase in modulus should also lead to an increase 
in strength. However the 0.016% creep strain in unidirectional CFRP 
would not yield a significant change in properties. Furthermore, if the 
creep mechanism operates, an increase in modulus and strength would be 
predicted for continuous fibre composites as well as batch fibre materials. 
No such change in properties has been observed yet. 
The fibre breakage model has a number of attractions. 
30 Short carbon fibres are known to be stronger than long lengths • 
Thus if a number of fibres break an increase in composite strength can 
be expected provided any damage caused by the fractures is not too 
extensive. 
The acoustic emission work cited above confirms that some fibre 
breaks occur early in the lifetime as the weaker members of the strength 
d . . b . d d F 1 h . 1 1 . 32 h 1str1 ut1on are overloa e • ｵｲｴｾ･ｲｭｯｲ･＠ t eoret1ca ana ys1s s ows 
that breaks of single fibres in the composite are more likely at 
relatively low stress levels than failures of several simultaneously. 
But to explain the increase in strength fibre failures at long cycle 
times must also be proposed. 
Thus the strength increase together with the observed fatigue 
failures of low variability CFRP after long cycling times leads to the 
proposition that carbon fibres themselves fatigue. 
The suggestion that fatigue failure occurs when the accumulated 
f . . d d . h h . f '1 . 112 at1gue 1n uce creep stra1n reac es t e monoton1c a1 ure stra1n must 
also be considered. 
This mechanism has similarities with the behaviour of ±45° material 
discussed below. Unfortunately the proposal has a serious drawback when 
applied to unidirectional material. For instance if a type 2 composite 
were to fail at its monotonic failure strain, it would need to creep 25% 
of the dynamic elastic strain. No such increase in strain has been 
recorded during the fatigue of unidirectional CFRP. 
The work reported here strongly suggests that a fatigue failure 
mechanism operates in the fibres. Further ･ｶｩ､･ｮ｣･ｾ＠ preferably from single 
fibre fatigue testsp will be required to substantiate this fully. 
197 
7.3 The response of CFRP to repeated shear loadings 
Both ±45° CFRP and hoop-wound tubes exhibited fatigue induced shear 
creep. Provided no extensive cracking occurred, this behaviour was very 
similar to creep under constant loading except that it was more rapid. 
In the case of ±45° material it was shown that fatigue induced creep 
strains were greater than under equivalent static loadings. 
Similar rapid creep induced by repeated loadings has been reported 
f h 1 . b. d .1 d . 1 d 114-116 d ·or t ermop ｡ｳｴｾ｣ｳ＠ su Jecte to ｴ･ｮｳｾ＠ e an ｣ｯｭｰｲ･ｳｳｾｶ･＠ oa s an 
in unidirectional GRP under zero-tension stresses 117 • It would appear 
likely that fatigue induced creep will be common to many plastics 
materials particularly if static creep occurs at the same stress levels as 
experienced in cyclic loading. 
The accelerated fatigue induced creep can be explained in ±45° CFRP 
from the interrupted creep curves. 
These curves show three things: 
(I) The creep rate at the beginning of each cycle is very high. 
(2) After the first loading the strain imposed on loading is always 
greater than recovered on unloading. 
(3) Some of the creep strain is irrecoverable. 
Coupling these points indicates why repeated loadings give 
apparently higher creep rates and greater strain than static loading. 
7.4 Crack growth in ±45° CFRP tested in zero-tension 
In chapter 4 it was shown how intralaminar shear cracks first begin 
in the individual plies of ±45° CFRP and how they later form interply 
cracks. Further, the concept of remaining lifetime, NR , was introduced 
and used to make plots of log (displacement) with log (remaining lifetime), 
as shown in Figs.4.10 and 4.11. These plots show relatively straight lines 
at remaining lifetimes below the point X , which is identifiable as the 
point where cracking starts to become significant and this suggests a 
relationship between remaining lifetime and cracking. 
If, instead of using the total displacement, the linear creep compo-
nent is subtracted, to leave the additional displacement 6D attributable 
to cracking alone, a straight line relationship between log 6D and 
log NR is obtained. The data for such plots is given in Table 7.1 for 
specimens tested at 80 and 90MPa maximum stress. These data have been 
used since the heating was slight at 10Hz and the test was therefore 
almost isothermal. The definition of the displacement 6D has been 
illustrated on Fig.4.12. The data of Table 7.1 have been fitted to the 
equation 
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log 6D (7-1) = m log NR + log A 
a a 
by a least squares regression analysis using a Texas Instruments SR-52 
calculator. In this equation m is the slope of the plot for a 
a 
particular value of applied stress a and A is a constant at the same 
a 
value of a • In a general equation it must be assumed that both m 
a 
and A are functions of the applied stress. The experimentally determined 
a 
values are given in Table 7.2 and the plots have been shown in Fig.7.1. 
The data have not been included for the 90MPa maximum stress case since 
many of the points coincide. 
Unfortunately the recorder chart jammed several times in the 0 to 
80MPa tests making much of the data unreliable. Only one set was satis-
factory and this was used here. No identical material was available 
for duplicating the tests. 
Analysis of a plastics material» which does not exhibit linear 
elastic behaviour, is complicated. When it is a fibre reinforced composite 
and is also cracked it is even more complex. However, a simple analysis 
can be made assuming pseudo-elastic behaviour. Using this pseudo-elastic 
approach a crack growth, or damage growth, rate equation can be derived. 
It is reasonable to assume that the displacement 6D , which is 
directly attributed to ｣ｾ｡｣ｫｩｮｧＬ＠ is dependent on (i) the total length L 
of the test-piece, (ii) the total number of cracks C already present, 
(iii) a crack opening compliance S , and (iv) on the maximum stress 
a , which determines how far the cracks will open, and the stress 
max 
range 6 = a - a . , which will influence the rate of growth of the 
a max ｭｾｮ＠
cracking. Thus an equation of the following form can be ｰｯｳｴｵｬ｡ｴ･､ｾ＠
where w is a constant. 
ｾｄ＠ = LSf(a , ｾ｡Ｉｃｷ＠
max 
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(7-2) 
Equations (7-1) and (7-2) apply only once cracking has become 
significant. In practical terms this is when point D of Fig.4.12 has 
been reached. 
Equation (7-1) can be rewritten in the form 
m 
AN a 
a R 
and if w is set equal to I, that is ｾｄ＠ is directly proportional to the 
number of cracks then 
or 
where 
LSf (a , b. )C 
max a 
A 
a 
Y = LSf(a , ｾ｡Ｉ＠
max 
c 
m 
AN a 
a R 
Thus, the increase in cracking per cycle of remaining life ac/aNR 
is given by 
ac 
aNR 
which on substituting for NR gives 
= 
1/m (m -1 )/m 
ac a a 
mY 
a 
= (
A ) 1/ma 1/m (m -1 )/m 
ma ｌｾ＠ (f(amax' 6a)) a C a a (7-3) 
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In theory the form of equation (7-3) could be verified by direct observa-
tion during a test but, unfortunately, this is a difficult task. The 
observation cannot be made whilst the test is in progress since many, not 
just one crack must be observed. Also only cracks which are visible at the 
edge of the specimen will be detected and, furthermore, estimating the 
total crack volume is not easyo It is possible that non-destructive 
testing methods, such as ultrasonics, may be more suitable for this type 
of estimation than visual inspection. 
It is interesting to note that equation (7-3) shows some similarity 
to the fracture mechanics equation which is often used to describe the rate 
of fatigue growth of a single crack namely 
a a 
aN = 
where a is the crack half length 
B and n are constants 
and 6K is the stress intensity range given by 
where 6cr = cr - cr . is the stress range 
ｾｸ＠ mn 
and a is a geometrical factor 9 often set equal to unity. 
This equation can be rewritten in the more general form 
if f(6cr) 
and g(a) 
a a 
aN = const. f(6cr)g(a) 
is some function of stress range 
is a function of crack length. 
(7-4) 
(7-5) 
In the derivation leading to equation (7-3) no assumptions were made 
about the validity of a stress intensity factor K for composite materials 
yet the expression is generally similar to equation (7-5). That is, the 
growth rate of the total number of cracks is dependent on both the stress 
and the number of cracks already present. Unfortunately the relationship 
between stress and the total amount of cracking is more complex for 
composites than in the simple stress intensity factor relationship of 
equation (7-4). 
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The essence of the stress intensity factor concept is that a clearly 
defined function, K 1 exists and that it has physical significance. Where 
there are a limited number of cracks interacting with each other in iso-
tropic materials the concept is valid. But it is not necessarily useful in 
composites where several failure mechanisms operate simulatneously. In 
this latter case a general relation of the form of equation (7-5) is more 
suitable and the problem then becomes one of identifying the appropriate 
functions. 
The general equation which describes the cracking behaviour of ±45° 
CFRP is 
ac 
｡ｾ＠ = F(cr , 6cr) • G(C, a ) max max 
where F(cr ,6cr) is a function of the maximum stress and the stress 
max 
range 
and G(C,cr ) = c<ma-l)/mcr 
max 
7.5 The response of CFRP to normal stresses 
Unidirectional 0° and hoop-wound specimens exhibited an almost 
unchanged monotonic elastic response after axial fatigue loadings. Indeed 
during fatigue investigations on longitudinal and transverse tensile 
behaviour no change in dynamic stiffness was observed. 
There was a slight decrease in dynamic stiffness during zero-tension 
tests on ±45° material as shown in Fig.4.8 of chapter 4. However the 
dominant feature of these experiments was fatigue induced creep. 
It appears. probable that creep induced during cyclic stressing may 
only occur during shear loading of CFRP. It was not noticeable in trans-
verse tension of the composite even though it was observed in tensile 
fatigue of the resin. The fibres must provide sufficient local stiffening 
to reduce the effect to negligible proportions whereas in shear there is a 
long resin shear path which will allow some creep. Experiments in trans-
verse compression would be interesting as much higher axial stress levels 
could be used and creep might be observed. 
Creep in unidirectional 0° CFRP can almost be ignored for most 
practical applications. 
The transverse tensile and compressive moduli are almost unaffected 
by superimposed shear stresseso For practical purposes the converse is 
also true. 
7.6 The influence of ｭ｡｣ｨｩｾｩｮｧ＠ on the behaviour of CFRP 
The standard tensile specimen is not affected by the machining of 
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its waist when tested monotonically. However under cyclic loadings shear 
cracking appears after only a relatively short time. Whilst in the fatigue 
machine the wedge grips hold the specimen together so that these cracks 
appear to have very little effect on fatigue life. On the other hand in 
structural applications, where transverse compressive loadings may very well 
be absent, similar damage could have serious consequences. 
ｈｯｯｰｾｯｵｮ､＠ tubular specimens were also relatively unaffected by 
surface damage during monotonic tests. There were the occasional weak 
'rogue' specimens where a machining crack was probably responsible for the 
low strength. On the other hand fatigue loading of this type of specimen 
is a very severe test both in axial and shear stressing modes. Surface 
cracks can cause rapid failure and they appear to propagate easily across 
the tube wall. 
Polishing the outer surface of the tube improved the tensile fatigue 
performance slightly but did not eliminate the high variability. Any 
exposed fibre is itself a stress concentration and hence a likely source 
to inEiate a crack. Thus though surface polishing should reduce the 
probability of premature failure it cannot eliminate it. 
In all probability satisfactory fatigue behaviour will only come 
from components which have not been machined prior to use but have been 
made to the correct size in one moulding operation. 
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Table 7. 1 
LOG OF DISPLACEMENT DUE TO CRACKING AND REMAINING LIFETIME 
Specimen Maximum stress Log (remaining Log (displacment 
applied lifetime) due to cracking) No. (MPa) (NR) (Lill) 
SA38/20 80 2.954 -0.629 
3.255 -0.824 
3.556 -1 .046 
3.954 -1.300 
4 o255 -1 .520 
4.556 -1 .699 
SA38/ 11 90 2.954 -0.577 
3.255 -0.757 
3.431 -0.921 
3.556 -1 .022 
3.954 -1 • 300 
4.255 -1 .520 
4.556 -1 .699 
SA38/10 90 2.954 -0.456 
3.255 -0.602 
3.431 -0.757 
3.556 -0.921 
3.954 -1.260 
4.255 -1 .520 
4.556 
-1.700 
SA3 7/11 90 2.954 -0.456 
3.255 -0.611 
3.431 
-0.782 
3.556 -0.921 
3.954 -1 .220 
4.255 -1 .400 
4.556 -1.700 
SA40/27 90 2.954 -0.495 
3.255 -0.688 
3.431 -0.839 
3.556 -0.959 
3.954 -1.300 
4.255 -1 .520 
4.556 -1.700 
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Table 7.2 
EXPERIMENTALLY DETERMINED VALUES OF m AND A OBTAINED FROM A 
a a 
LEAST SQUARES REGRESSION ANALYSIS OF THE DATA IN TABLE 7. 1_ 
Maximum applied Correlation 
stress m A 
coefficient (MPa) 0 0 
80 -0.674 23 0.999 
90 -0.776 66 0.992 
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CHAPTER 8 
CONCLUSIONS 
8.1 Major conclusions 
The main conclusions from the work described in this thesis are: 
(1) Surface machining of CFRP can reduce the monotonic transverse tensile 
and shear strengths. It can also lead to fatigue cracks propagating 
quickly and at relatively modest stress levels. 
(2) Specimen design markedly affects the fatigue life of unidirectional 
0° CFRP subjected to zero-tension loadings. 
(3) Zero-tension fatigue of unidirectional CFRP gives wide scatter in 
lifetime at a given stress level. The stress bandwidth in which fatigue 
failures occur can be determined and the probability of failure assessed. 
(4) Composite made from highly variable fibre can increase in strength 
by 'coaxing' under fatigue loadings. The increase is not caused by short-
term loading but by long cycling times at high stress levels. 
(5) The stress to give 50% probability of fatigue failure in zero-
tension loading of unidirectional material is similar for all three major 
types of fibre. It is approximately llOOMPa. 
(6) Axial fatigue loadings do not affect the shear strength. 
(7) The creep strain under constant loading of 0° type 2 fibre CFRP is 
very small. In cyclic loading conditions creep is insignificant. 
(8) Angle-plies ±45° specimens of CFRP can be used successfully in 
creep and fatigue tests. 
(9) Creep was observed during static loading of ±45° CFRP. It was also 
found under fatigue loading conditions in both hoop-wound tubes and ±45° 
material. It was not seen during transverse tensile fatigue loadings. 
(10) Cracking occurs in ±45° material as it nears the end of its fatigue 
life. It can be related to the ram displacement during a fatigue test 
and the remaining lifetime of a specimen. 
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(11) The first cracks in ±45° material are intralaminar shear cracks; 
these are then followed by interply cracking. Intralaminar cracks begin 
at and propagate between resin-fibre interfaces whereas interply cracks 
\ 
tend to remain within the resin rich . areas between the orthogonal plies. 
(12) The mutual interaction between the transverse and shear moduli is 
slight and is almost unaffected by transverse compressive fatigue loadings. 
(13) Transverse and shear fatigue tests on hoop-wound tubes give an 
estimate of the number of cycles required to propagate a crack through the 
tube wall. This number is a highly variable quantity. 
(14) Surface polishing to remove some of the cracks improves the zero-
tension fatigue resistance of hoop-wound tubes to some extent. It does 
not eliminate the variability. 
(IS) Fatigue induced creep is observed in Shell 828 epoxy resin under 
zero-tension loadings and under shear loadings. 
8.2 ｓｵｧｾ･ｳｴｩｯｮｳ＠ for further work 
The following pieces of work are recommended to continue the 
investigations begun here. 
(1) Single fibre fatigue tests are required to determine whether carbon 
fibres do suffer fatigue damage. 
(2) A method of direct observation of fibres within a resin matrix 
whilst fatiguing would also be useful. It could be used to determine 
whether fibres fatigue in the composite. 
(3) Further experiments are required to determine whether the total 
crack volume in ±45° CFRP is directly related to displacement. 
(4) Shear fatigue is clearly important and is still relatively 
unexplored. Recent work on another resin system using ±45° specimens 
suggests that a fatigue limit may occur in shear and that in this case the 
creep induced fatigue may cease after a short time. Further work in this 
area should be interesting. 
(5) The effects of composite surface finish and machining are of 
paramount importance for engineering application of the material. More 
work on this aspect would be very valuable. 
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(6) Crack initiation and propagation studies are also required to 
determine crack growth rates under fatigue loading conditions. The fibre 
surface treatment seriously affects the brittleness of CFRP. It may also 
affect the crack growth rate in the material. 
DETAILS OF THE MATERIALS USED 
Material A 
Fibre: type 1 continuous, surface treated 
Fibre manufacturer: Morganite Modmor Ltd. 
Fibre batch: LWO 1375 and LWO 1376 
Resin: Union Carbide cycloaliphatic epoxy ERLA 4617 
Curing agent: diamino diphenylmethane (DDM) 
Prepreg supplied by: Fothergill and Harvey Ltd. 
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Laminates were prepared using ten layers of prepreg which were cut 
to size and assembled in a matched metal mould. The mould was transferred 
to a hydraulic press with the platens preheated to 170°C. Light pressure 
was applied to the mould whilst the resin was beginning to gell but was 
still mobile. This squeezed out excess resin to consolidate the charge, 
giving a void free laminate. Metal stops determined the thickness. 
A one hour cure was given in the press at 170°C followed by 16 hours 
post-curing in an air circulating oven also at 170°C. 
Material B 
Fibre: type 1 batch, surface treated 
Fibre manufacturer: Courtaulds Ltd. 
Fibre batch: QM J18/182W-184W 
Resin: Union Carbide cycloaliphatic epoxy ERLA 4617 
Curing agent: diamino diphenylmethane (DDM) 
Prepreg supplied by: Fothergill and Harvey Ltd. 
The same laminating method and cure schedule was used as in 
material A. 
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Material C 
Fibre: type 2 continuous, surface treated 
Fibre manufacturer: Morganite Modmor Ltd. 
Fibre batch: MC/2T/414-416 
Resin: Union Carbide cycloaliphatic epoxy ERLA 4617 
Curing agent: diamino diphenylmethane (DDM) 
Prepreg supplied by: Fothergill and Harvey Ltd. 
The same laminating method and cure schedule was used as in 
material A. 
Material D 
Fibre: type 3 continuous, surface treated 
Fibre manufacturer: Courtaulds Ltd. 
Fibre batch: 2CA 69A 
Resin: Shell DX210, a precondensate of a bisphenol A epoxy resin 
Curing agent: amino complex BF 3 400 
Prepreg supplied by: Fothergill and Harvey Ltd. 
Three types of laminate were made: 
unidirectional oo, hnm thick containing 4 plies of prepreg 
. d. . 1 0° un1 Ｑｲ･｣ｴｾｯｮ｡＠ , 2mm thick containing 8 plies of prepreg 
multi-plied 0±45°, 2mm thick containing 8 plies of prepreg. 
A balanced construction was used in the multi-plied material to 
prevent bending. The laminae were oriented at the following angles 
o, +45, -45, o, o, -45, +45, o. 
The laminating was performed in the RAE Structures Department 
autoclave to the following schedule. 
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(a) The assembled prepreg lay-ups were heated under a partial vacuum of 
IOOmm of mercury for 55 minutes at 85°C to remove residual volatiles. 
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(b) The autoclave vessel pressure was raised to 689kPc and a pressure 
of 138kPa applied inside the bag*. The laminate temperature was raised 
to 170°C over a period of 55 minutes and these conditions were then main-
tained for a further hour. 
(c) The heating was discontinued, the pressure released and the auto-
clave opened when the temperature had dropped to 70°C. The laminates 
were then ready for use. 
Material E 
Fibre: type 2 continuous, surface treated 
Fibre manufacturer: Courtaulds Ltd. 
Fibre batch: 2CT 114E and 2CT 107C 
Resin: Shell DX210, a precondensate epoxy resin 
Curing agent: amino complex BF 400 
Prepreg supplied by: Fothergill and Harvey Ltd. 
Eight-ply unidirectional 0° laminates were made and also balanced 
constructions of ±45° material. The ply order of these latter where; 
+45, -45, +45, -45, -45, +45, -45, +45. 
The laminating schedule was the same as material D. 
Material F 
Fibre: type 2 batch, surface treated 
Fibre manufacturer: Morganite Modmor Ltd. 
Fibre batch: H416 
Resin: Union Carbide cycloaliphatic epoxy ERLA 4617 
Curing agent: diamino diphenylmethane (DDM) 
Prepreg supplied by: Fothergill and Harvey Ltd. 
A single 12-ply laminate was made in a matched metal mould. This 
was charged with prepreg whilst cold and loaded into a cold press. The 
temperature was slowly raised to 130°C over 1 hour and the top force 
brought down to the stops with a light pressure 15 minutes after reaching 
this temperature. After 5 hours the temperature was raised to 170°C to 
* The use of pressures above atmospheric inside the bag was developed 
by Hawker Siddeley Aviation Ltd. 
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post cure for 18 hours whilst still under pressure. On removal from the 
mould the laminate was ready for use. 
Material G 
Fibre: type 2 continuous, surface treated 
Fibre manufacturer: Morganite Modmor Ltd. 
Fibre batch: CQ2, CQ6, CQ13, CQ32 
Resin: Shell bisphenol A epoxy 828 (100 parts) 
Curing agent: nadic methylanhydride (NMA) (90 parts) 
Accelerator: benzyldimethylamine (BDMA) (1 part) 
The winding method and curing schedule used with this material are 
given in Appendix 3. 
The specimen numbers made with each of the fibre batches ,are given 
below: 
s2ecimen number Fibre batch number 
1 to 34 ｣ｾ＠
35 to 48} CQ32 55 to 59 
49 to 54 CQ13 
60 to 67 ｣ｾ＠
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SPEClMEN PREPARATION 
Specimen blanks were cut from laminates by either of two methods. 
(1) Rough blaruts were cut with a band-saw which were then trimmed to 
size by a disc sander. 
(2) Accurate parallel blanks were made with splitting saws mounted in 
a milling machine. 
Specimens with reduced thickness were waisted by a diamond tipped 
wheel 250mm in diameter. This was mounted in a milling machine so that 
an accurate contour could be obtained equally balanced on each side. 
Aluminium end tabs were bonded to all tensile and reversed axial 
specimens to prevent damage by the testing machine grips. The tabs were 
treated to specification DTD 915, a chromic acid etch, to improve the 
bond between the metal and the adhesive. 
There are no recognised routine surface preparations for CFRP. 
E . h h 68 ,69 h . h. h . h. xper1ence as s own t at spec1mens w 1c can susta1n a t 1n 
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unbroken film of water on their surface usually give good bonding 
strengths. Laminates made in matched metal moulds had a small amount of 
parting agent adherring to them. This was removed by light abrasion under 
water with wet and dry paper. When dry they were wiped with an acetone 
soaked rag to remove any traces of dust and grease. 
In the autoclave a PTFE release cloth was used instead of parting 
agent. This had a non-migratory surface so the specimens were simply 
given an acetone wipe to remove any grease. 
The end tabs were all bonded under light pressure in special bonding 
jigs to ensure correct alignment. Three adhesives have been used 
throughout this work, 3Ms Company EC 2216, Ciba-Geigy BSL 403 and 
Hysol-Sterling EA 9309. All have been found satisfactory. 
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Appendix 3 
FU,AMENT WINDING OF CFRP TUBES 
Filament winding of reinforced plastics is a technique similar to 
the winding of solenoids or cotton bobbins. In most common methods the 
mandrel rotates whilst a winding head moves up and down applying fila-
ments at predetermined orientations. The resin matrix is usually added 
either by passing fibres through a resin bath or by direct application to 
the winding. Recently prepreg tapes have also been introduced in which 
the fibres together with a specified amount of resin are wound on to the 
mandrel together. 
Balanced laminations are usually wound, with material oriented both 
· postively and negatively at some angle 8 to the axis of the mandrel 
rotation. It is also conventional for the mandrel to rotate in one 
direction only whilst the head moves along it both back and forth. How-
ever the tubes used in the work of chapter 6 required the fibres to be 
oriented as closely as possible to a 90° hoop-winding. A special technique 
had to be developed to make reproducible specimens of high quality. 
A pure hoop-winding can only be made by wrap winding a wide tape. 
But this has the serious disadvantage of a fibre discontinuity and a step 
on the inner surface. Helix winding ov-ercomes this problem because fibres 
run continuously from one end of the component to the other. 
The narrowest helix which can be wound is determined by the width 
of the fibre tow and the pitch of the lead screw which moves the winding 
head. With 10000 filament carbon fibre tows an angle of 88° to the tube 
axis can be achieved. 
The tubes of chapter 6 were made by Plastics Engineering section of 
RAE Farnborough. A wet winding technique was used since the section 
had had considerable experience of this method. However hoop-winding with 
no other orientation in the construction was novel and three unsatisfactory 
techniques were attempted before the development of a successful method. 
Details of all four methods are given below. 
A number of points were common to all the techniques. Details of 
these will be given first. 
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Past experience has shown that finely ground and polished chromium 
plated steel mandrels give an eJccellent internal surface finish to a 
winding. In addition the winding rarely sticks to the chromium so it can 
easily be removed after curing. 
Using this experience chromium plated steel mandrels were used here 
and to be completely certain the winding would part from the mandrel 
Rocol MRS m·ould release agent was also used. 
Two collars were attached to the mandrel, the distance between them 
being slightly greater than the tube length required. Each collar had 
a peg to which tows could be attached and held firmly before and after a 
completed winding traverse. This prevented the winding from slackening. 
At room temperature Shell 828 epoxy resin is very viscous so the 
mandrel was warmed before use with a radiant heater. During the actual 
winding operation the heater was switched off but the mandrel retained 
sufficient heat to let excess resin flow away. Also, just as important, 
the resin must be mobile to consolidate the winding without entrapping 
large air bubbles. 
Once the basic tube had been finished the ends were overwound with 
glass scrim cloth to build up material. This would later form the 
conical belled ends of the test-piece. At the completion of all the 
winding the tube was rotated in front of the radiant heater until the resin 
had gelled. When the composite was solid the complete mandrel and winding 
was transferred to an air-circulating oven where it post-cured for 24 hours 
at 100°C. Only on completion of the post-cure was the winding removed from 
the mandrel. 
The tubes were sent to the Main Workshops of RAE where they were 
machined on a cam-following lathe to their final profile. On return the 
specimens were assembled in the end-fittings· ｳｨｯｷｾ＠ in Fig.A3 .I. Split 
collets and a locking-nut pulled the specimen down into the end-fittings 
and square keys prevented rotation of the collets. The belled ends of the 
tube were bonded to the collets to prevent slippage under torsional loadings 
and to provide a good contact during tensile tests. A two part epoxy 
adhesive was used, 3Ms Company EC 2216. The steel ring was placed in the 
end-fitting before the tube was assembled. It simply acted as a thrust 
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washer against which. an extraction bolt bore when dismantling a broken 
test-piece. The tube and end-fittings were assembled and aligned with 
the jig shown in Fig.A3.2. It was removed from this jig when the 
adhesive had set. 
Winding method 1 
In this method the tow was fixed at a peg on one mandrel collar 
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and a single pass was made to the other end. On completion of a pass the 
tow was tied to the second peg, cut and returned to the first peg to 
begin again. Resin was applied directly at the mandrel with a brush. 
Unfortunately the fibres of the winding tow dug into the layers 
beneath producing an irregular lay-up with kinks. This was unacceptable 
and the method was abandoned. 
Winding method 2 
Following the failure of the method above a multiple tow lay-up was 
attempted. With this technique many tows were wound, one directly on top 
of another so that the complete wall was built in a single traverse. 
Unfortunately the fibre tows tended to twist, fall out of place and failed 
to remain stacked on top of each other once the pass had progressed a short 
way. Each tow was pre-wetted by passing through a resin bath and excess 
resin dripped from the winding and had to be brushed away. 
Winding method 3 
Once again a single pass to build up the complete wall was attempted 
but instead of laying each tow down simultaneously they followed one 
behind the other. They were wetted directly by a brush at the mandrel. 
As in method 1 the tows dug into the lower layers producing an 
irregular laminate with vertical kinks in the fibres. This method was 
also abandoned. 
Winding method 4 
The previous methods had all been attempted on an old filament 
winding machine but this last, and successful, method used a large 
versatile lathe. With this machine the ｾｮ､ｩｮｧ＠ head could move either 
left or right with the mandrel turning either clockwise or anticlockwise. 
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The tow was fixed to one of the collar pins and a pass made to the 
other end. Here the tow was attached to the pin on the second collar and 
the sense of rotation of the mandrel was reversed. The head then passed 
back to the first pin, winding directly on top of the layers beneath. 
The resin was applied to the tow in a bath and was fed to the 
winding mandrel after passing over several deflectors which ensured it was 
thoroughly wetted. The scheme is outlined in Fig.A3.3. 
The tubes made by this method were satisfactory in outward appearance. 
However, micrographs of cross-sections showed some specimens with good 
consolidation and fibre packing at the inner surface of the tube. As 
further tows had been wound to build up the wall the fibre fraction 
became lower and often there were resin rich areas. Fig.A.3.4 is an 
example where this effect is extremely marked. 
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TEST MACHINES 8 EXTENSOMETERS AND TESTING METHODS 
A.4.1 Test machines 
Five testing machine types have been used, they are: a 12000 lb 
Instron Universal testing machine, a 60kN Schenck PVQN resonant fatigue 
machine, a lOOkN Mayes electro-servo hydraulic fatigue machine type 
100 ESHD, an RAE designed rig for testing tubes under axial and torsional 
loading, and a number of Dennison creep machines. 
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The Instron is a versatile moving-crosshead testing machine which 
operates over a wide range of preselected crosshead speeds. It is 
essentially a static or slow cycling test machine. 
The Schenck PVQN machine is a resonant fatigue machine which can 
be used over quite a wide range of loads. Some variation of cycling 
speed is possible but the specimen forms part of the resonance loop and its 
stiffness determines the actual speed for a given loading. The machine 
maintains reasonably constant mean and dynamic loads provided the specimen 
stiffness does not alter appreciably during a test. It is a fatigue 
machine pure and simple, loads and lifetimes are the only data the machine 
provides. With care it can be used as a monotonic testing machine but the 
actuator will only move at one speed, 13mm/minute. 
The servohydraulic Mayes fatigue machine is a very flexible test 
machine. It can provide several loading forms up to 100Hz. Being a 
brute force machine rather than a resonance machine it can operate at 
any load and speed within its operating envelope. It was used for both 
monotonic and fatigue testing. 
This machine has the facility to provide a continuous record of the 
load or the ram position during a fatigue test. This proved particularly 
useful for monitoring creep under cyclic loading conditions. 
Load and position control can be used to give either constant load 
fatigue tests or constant amplitude. In load control the stability and 
reproducibility of each cycle is higher than in position control so the 
former was used throughout. The machine is shown in Fig.A4.1. 
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A special testing rig was designed and built at RAE to enable 
combined axial and torsional loads to be applied to tubular specimens. 
The rig is shown in Fig.A4.2. 
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The hydraulic jack attached to the bottom plate applies axial loads. 
A second jack, mounted between the top plates gives torsional loadings 
through a lever area. Ball-bearings in the top plates maintain axial 
alignment. Pressure is supplied to the jacks by ex-Gloster Meteor under-
carriage hand pumps. 
Immediately under the lower of the two top plates is a load cell 
and the specimen is mounted directly beneath it. A torsion rod passes 
through the hollow specimen and load cell to prevent the axial jack from 
rotating. The rod reacts against the plates at the top of the machine 
through a horizontal bar and thrust bearings. The rig is capable of 
accommodating axial loadings up to SOkN and torsional moments up to 
llOONm. 
The load cell has two 60° delta rosette strain gauges bonded to it. 
The loads were measured using Peekel Electron Strain Indicators, type 
540 DNH and continuous records were made using a Bryans 26000 series 
X-Y plotter. The load cell was calibrated against an Instron testing 
machine for axial loadings and an RAE designed single lever torsion 
belance for torsional loadings. 
Dennison SOkN creep machines were used for all the creep tests. 
A.4.2 Extensometers 
A Mayes SOmm gauge length extensometer, type RT/AQD, was used in 
conjunction with the servohydraulic fatigue machine to measure strains 
in specimens with rectangular cross-sections. 
For tubular specimens an extensometer was specially designed and 
made to measure axial and torsional displacements simultaneously. It is 
shown in Fig.A4.3. 
The upper portion measures torsional displacements relative to the 
lower half. The horizontally mounted ac linear variable differential 
transformer (LVDT) moves along a wedge ramp. 
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The lower segments give the axial displacement relative to upper 
mounting anvils. The movement is read directly by the vertically 
mounted LVDTs. 
The LVDTs were used with RDP Electronics transducer units type D7. 
The axial displacement transducers were calibrated off the extensometer 
with a micrometer head. The rotational transducers were calibrated 
in situ by mounting the extensometer on a special jig. This was then 
placed on a Cooke, Troughton and Simms inspection machine which had a 
type E01300 dividing head to measure rotations. Rotations of less than 
0.5 minute of arc could be measured reproducibly. 
Lamb extensometers with long optical levers were used for the 
creep tests. These extensometers have a strain sensitivity of about 
2 X }Q-6 • 
A.4.3 Testing methods 
Monotonic tensile and shear tests were performed on unidirectional 
CFRP in accordance with the requirements of RAE Technical Report 71026 54 • 
The crosshead speeds used in these tests were 2.5 and O.Smm/minute 
respectively. 
All monotonic testing in the Mayes machine was done at a ramp 
frequency of 2 x 10-3Hz to the full scale of the load range being used. 
This is equivalent to full load being attained in 125 seconds. 
Throughout all the testing particular attention has been given to 
careful specimen preparation and assembly and to correct alignment. In 
this way bending and premature failure have been avoided as much as 
possible. 
After completion of physical testing a number of specimens have 
been analysed to determine the fibre content. A wet digestion method with 
sulphuric acid and hydrogen peroxide was used. Details are given in 
Ref.54. 
Fig.A3.1 
Fig.A3.1 A hoop-wound tube and end-fittings 
Fig.A3.2 
Fig.A3.2 Tube assembly alignment and bonding jig 
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Fig.A3.4 A micrograph showing close fibre packing at the inner surface 
of the tube, but lower fractions towards the outer surface 
Fig.A3.4 
Fig.A4.1 
Fig.A4.1 A Mayes servohydraulic fatigue machine 
Fig.A4.2 
Fig.A4.2 Axial -torsional rig for testing tubular specimens 
Fig.A4.3 The axial-torsional extensiometer mounted on 
a hoop-wound tube 
Fig.A4.3 
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